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5Abstract
The magnetospheric cusp is a funnel-shaped region where shocked solar wind plasma
is able to enter the high latitude magnetosphere via the process of magnetic recon-
nection. The first in-situ analysis of the cusp region at Saturn is presented using
data from the Cassini spacecraft, primarily from particle instruments and magnetic
field observations. The analysis is presented in three sections.
Firstly, two high-latitude spacecraft crossings are confirmed to be cusp obser-
vations by: (i) comparing the observed plasma with that of the magnetosheath and
the adjacent magnetosphere, (ii) investigating the direction of the observed ions and
(iii) analysing the composition of the plasma. The ion observations are shown to
be a result of ‘bursty’ reconnection occurring at the dayside magnetopause. The
field-aligned distances to the reconnection site are calculated from the observed
energy-pitch angle dispersions.
Secondly, all the observations of the cusp are presented for the high latitude
spacecraft orbits between 2007 and 2013. A comparison of the observations is made
as well as classification into groups due to varying characteristics. The locations of
the reconnection site are calculated and compared to the literature. The events are
also compared to solar wind propagation models to investigate any correlations.
Finally, the magnetic field observations of the cusps are analysed, focusing on
the diamagnetic depressions. This characteristic is not observed in all of the cusps,
and the possible explanations for this are discussed. The data are subtracted from a
magnetic field model, and the calculated magnetic pressure deficits are compared to
the particle pressures. A high plasma pressure layer in the magnetosphere adjacent
to the cusp is discovered to also depress the magnetic field.
A summary of the consequences of this work is discussed specifically regard-
ing the ongoing debate of the role of reconnection at Saturn and its influence on
magnetospheric dynamics.
6“ Modern science has been a voyage into the unknown, with a lesson in humility
waiting at every stop.”
Carl Sagan
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Chapter 1
Introduction
Plasma is the fourth state of matter; a gas whose atoms are dissociated into electrons
and ions. Plasmas can be found in stellar interiors, the Corona, the Solar Wind,
planetary magnetospheres, accretion discs, and they can also be found on Earth in
lightning bolts, the ionosphere and in a fluorescent light tube. It is said that 99% of
the Universe is in the form of a plasma; this makes it an important field of physics
to study.
Since the dawn of spacecraft exploration, space plasma research has increased
in popularity due to the possibility of spacecraft travelling through plasma allowing
for observations of the conditions in situ. The first explorations took place at
Earth, the terrestrial magnetosphere being the easiest to access. However in 1973
and 1974, Pioneer 10 and Mariner 10 made the first visits to the magnetospheres
of Jupiter and Mercury respectively. The first Saturn flyby took place five years
later in 1979 by Pioneer 11. As technology improves, the instrumentation onboard
spacecraft becomes more sophisticated, so more advanced investigations can occur.
Coordinated spacecraft missions such as ISEE 1/2 and Cluster II have led to a
very detailed analysis of the terrestrial magnetosphere. Many missions aimed at
observing the Sun (e.g. Stereo A/B, ACE) have propelled the understanding of the
solar wind, as well as its source.
Saturn is the second largest planet (Figure 1.1), and has the second largest
magnetosphere in the solar system. Saturn’s magnetosphere is seen as an interme-
diate between Earth and Jupiter in terms of its dynamics. Before the arrival of the
Cassini-Huygens mission, Saturn was visited by three spacecraft. However it is the
Cassini orbiter, which has been at Saturn since 2004, that has provided the most
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Figure 1.1: A mosaic of Saturn from Cassini images (Credit: NASA/APOD/Cassini
Imaging Team).
information about the Saturnian system. This thesis investigates a region in the
magnetosphere at Saturn, a magnetic funnel known as the cusp, which allows the
direct entry of solar wind plasma into the system. The terrestrial cusp, as we shall
see later, has been the source of many investigations. However, this thesis provides
the first analysis of this interesting region at Saturn, using many years of data from
the Cassini mission.
First of all, the different approaches of describing plasma physics must be
explained, starting with the definition of a plasma. The equations and figures
are mostly sourced from the following textbooks unless otherwise specified: Chen
(1974); Kivelson and Russell (1995); Baumjohann and Treumann (1996); Gombosi
(1999) and Cravens (2004).
1.1 Plasma
An ionised gas is not automatically defined as a plasma. So what is the definition
of a plasma?
“A plasma is a quasineutral gas of charged and neutral particles which
exhibits collective behaviour.” Chen (1974)
The criteria: “quasineutral” and “collective behaviour”, now need to be defined
for this to make sense, and so the three conditions that make a plasma will be
explained. For a plasma to be quasineutral, there must be nearly equal numbers of
electrons and positively charged ions (ne and ni respectively), so it can be assumed
that ne ' ni ' n, where n is the plasma density. So overall the net charge is zero.
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Plasma!
Figure 1.2: An example of Debye shielding. Adapted from Chen (1974).
A charged particle however, will exert an electrostatic potential called the Coulomb
potential defined as φC :
φC =
1
4pi0
q
r
(1.1)
where q and r are the charge and distance from the particle, and 0 is the permit-
tivity of free space. One of the characteristics of a plasma is that it can shield out
these potentials via the attraction of oppositely charged particles. If two oppositely
charged spheres are submerged into a plasma in order to create an electric field
(Figures 1.2) then the electrons in the plasma will be attracted to the positively
charged sphere, and ions to the negatively charged sphere. These charges there-
fore ‘shield’ the rest of the plasma from the electric field (so that it can maintain
quasineutrality) and the spheres will have a Debye potential, φD:
φD =
1
4pi0
q
r
e
− r
λD (1.2)
where the Debye length (λD) is the distance that the Debye potential reduces the
Coulomb potential by a factor e. The Debye length is dependant on the plasma
density:
λD =
(
0kBTe
nq2e
)1/2
(1.3)
where kB is the Boltzmann constant, Te is the electron temperature, and qe is the
charge of an electron. The temperatures and charge of the electrons are considered
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(instead of the ions) because the electrons have a lower mass, and so the electrons
‘do the moving’.
This introduces the first and second conditions of the definition of a plasma.
Firstly, if the scale length of a plasma is taken to be L, then in order for there to be
quasineutrality, the Debye length must be significantly smaller than L. Secondly,
for Debye shielding to occur then the density of the plasma must be sufficient in
order for a Debye sphere to be created. The number of electrons inside a Debye
sphere is: Λ=n4pi3 λ
3
D, and so the requirement for collective behaviour is that Λ must
be significantly larger than 1, so that the sphere contains enough particles to shield
the charge. Λ is known as the plasma parameter.
The final condition for a plasma relates to collisions between particles. If the
charged particles collide too frequently with neutral atoms then their behaviour is
no longer dictated by electromagnetic forces, but by hydrodynamic forces (which
govern ideal gases). If the electron frequency oscillation of a plasma is wpe, and the
average time between collisions is τn then in order for a gas to behave like a plasma,
τn must be larger compared with the inverse of wpe.
Therefore the three conditions for a plasma are:
λD  L
Λ 1
wpeτn > 1
The weakly ionised gas of a jet engine exhaust is not classified as a plasma
because the number of collisions between the ionised particles and neutral atoms
results with the gas being governed by hydrodynamic forces and not electromagnetic
forces.
1.2 Single Particle Motion
To understand the motion of a charged particle in the presence of electric and
magnetic fields (E and B , respectively), the equations of motion of the particle
must be solved. A particle with mass m, charge q, and velocity v , will have the
following equation of motion:
m
dv
dt
= q(E + v×B) (1.4)
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Figure 1.3: The gyration of charged particles around the guiding centre (Baumjohann and
Treumann 1996).
where the right-hand side is the Lorentz force. If the electric field is taken away
(E= 0) and v is perpendicular to B , the above equation is reduced to:
m
dv
dt
= qv×B (1.5)
Differentiating this with respect to time gives:
d2v
dt2
= −
(
qB
m
)2
v (1.6)
which describes the motion of a simple harmonic oscillator. The particle’s motion
is that of a circle around the magnetic field in the plane perpendicular to B (see
Figure 1.3). The frequency of this simple harmonic oscillator, known as the gyrofre-
quency is given by:
wg =
qB
m
(1.7)
The radius of this motion is the gyroradius (known also as the Larmor radius) is
given by rg:
rg =
v⊥
wg
=
mv⊥
qB
(1.8)
The gyration of the particles is shown in Figure 1.3. Positively and negatively
charged particles gyrate in opposite directions, due to the dependance on the sign
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Figure 1.4: A helical orbit of an electron in a uniform magnetic field (Gombosi 1999).
of q. The centre of gyration is known as the guiding centre. From Equation 1.8 it
can be seen that the gyroradii will increase for more massive particles, so ions of
the same v⊥ will have a larger rg than electrons. Furthermore, a doubly ionised ion
will have a smaller gyroradius than a singularly charged ion of the same species.
A particle that is gyrating also represents a circular current that generates its own
magnetic field. This field is oppositely orientated to the background field, and
therefore reduces the local magnetic field. This is called the ‘diamagnetic effect’.
Up until now charged particles only with a velocity perpendicular to the mag-
netic field have been considered. If a charged particle has a non-zero field-aligned
velocity component, then the trajectory of the particle now becomes a helical one,
whereby gyration around the field line occurs whilst travelling along B ; this can be
seen in Figure 1.4.
The ratio between the perpendicular (v⊥) and the parallel (v||) components of
the velocity is the tangent of what is called the pitch angle (α), the angle between
the velocity vector and the magnetic field:
α = tan−1
(
v⊥
v||
)
(1.9)
This means that pitch angles of 0◦ and 180◦ (v⊥ =0) represent particles travelling
directly parallel and anti-parallel to the field line, respectively. Pitch angles of 90◦
define particles where v|| =0 and the motion is entirely orthogonal to B (Figure 1.3).
To further describe the behaviour of single-particle motion, the scenario will
become progressively more complicated, and will explore how the motion of a par-
ticle changes under different influences. This discussion will start with the inclusion
of an electric field.
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Figure 1.5: An illustration of the E ×B drift (Baumjohann and Treumann 1996).
1.2.1 Motion under a uniform electric and ma netic field
The presence of an electric field E perpendicular to B causes a superimposed motion
in the direction both perpendicular to E and B (Figure 1.5). This is done (with
the assumption that v⊥ is orthogonal to B) by differentiating Equation 1.4 with
respect to time to give the velocity of the guiding centre drift, vE :
d2v
dt2
= −w2g(v− vE) (1.10)
where
vE =
E×B
B2
(1.11)
In Figure 1.5 the effect of the electric field can be seen. Electric fields do the work
necessary to accelerate particles, whilst magnetic fields only change the direction of
a moving charge (i.e. magnetic fields do no work on the particles). As the electric
field accelerates the particle in the direction of E this increases the gyroradius of
the particle when motion is in the same direction (i.e. in the same direction as E).
When the particle travels in the opposite direction to E , the electric field opposes
the motion and the gyroradius decreases. This causes a drift orthogonal to both E
and B (see Figure 1.5). However the drift is not dependant on charge, therefore
both ions and electrons drift in the same direction.
1.2.2 Motion in a spatially varying magnetic field
If a particle is gyrating in a magnetic field that increases in strength (∇B), in
a direction perpendicular to the magnetic field B , then the gyroradius decreases
whilst in the stronger magnetic field (Equation 1.8). This means that a drift occurs
in a direction perpendicular to both ∇B and B (see Figure 1.6). The velocity of
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Figure 1.6: An illustration showing the behaviour of particles under the magnetic gradient
drift (Baumjohann and Treumann 1996).
the gradient drift is:
v∇ =
mv2⊥
2qB3
(B×∇B) (1.12)
Another drift occurs when magnetic field lines are curved, such as in a magne-
tosphere. Due to the particle having a velocity component parallel to the magnetic
field v||, the particle experiences a centrifugal force. The drift direction of the par-
ticle is perpendicular to both the radius of curva ure RC (See Figure 1.7) and B ,
so in an azimuthal direction. The resulting velocity of the drift is:
vR =
mv2||
q
RC ×B
R2CB
2
(1.13)
There is a general pattern to particle drifts. If a general force F is applied
instead of qE to the equation of motion shown in Equation 1.4, then the drift of
the guiding centre has a velocity vF :
vF =
1
q
F×B
B2
(1.14)
In the previous examples, both the gradient drift and the curvature drift are
dependant on charge, and so they act in opposite directions for electrons and ions.
The differential flow of charge causes a current to form. A combination of both the
curvature drift and the magnetic gradient drift contribute to the magnetospheric
ring current.
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Figure 1.7: The centrifugal force F C acting on a particle on a curved magnetic field line.
Adapted from Cravens (2004).
1.2.3 The magnetic moment and bounce motion
A gyrating charged particle represents a current loop, and so a gyrating particle will
have an associated magnetic moment. Since the magnetic moment µ is associated
with gyration, it is related to the perpendicular velocity of the particle by the
equation:
µ =
mv2⊥
2B
=
W⊥
B
(1.15)
where W⊥ is the perpendicular energy of the particle. As was discussed earlier, a
magnetic field cannot accelerate particles, and so during gyration, as long as no
other force is applied to the particle, µ is conserved, o that energy is conserved
(when the magnetic field is not varying significantly in comparison to the period of
gyration). This conserved quantity is called the first adiabatic invariant.
If a particle is travelling along a field line (whilst gyrating), and the magnetic
field is increasing in the direction of B , then for µ to be conserved, the perpendicular
energy must also increase. This happens on field lines in a planetary dipole field,
where the magnetic field converges at the poles. As a particle travels towards a
pole, v⊥ will increase. This also means that for kinetic energy to be conserved, v||
decreases, causing the particle to experience an effective force known as the mirror
force in the opposite direction to that which it is travelling. The mirror force F ||,
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3.7 Magnetic mirrors and bottles
Figure 3.9. Magnetic bottle with maximum field B-o and minimum field 86.
A magnetic bottle consists of two magnetic mirrors, as shown in Figure 3.9.
Consider a particle whose parallel and perpendicular velocities are u11o and uro,
respectively, at a point in the bottle (z : z0) where the field strength is at a
minimum. We can use the energy conservation relation (3.59), the invariance of prt
in thq form (3.58), plus the definition of pitch angle to relate the pitch angle a to
the local field magnitude and to the initial pitch angle, os:
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The details of this derivation are left to the reader as an exercise (Problem 3.6).
The initial pitch angle cvs is the pitch angle at z - zo. As a particle fravels in
the bottle away from eo, B increases and, from Equation (3.62), cv must increase.
The particle reflects at a location where B is large enough so that s : 90o (i.e',
ul : 0). This happens where B : Bo/sin2 cs. The field strength required to cause
the particle to reflect increases as cug decreases. The maximum field strength of the
bottle determines the minirnum value, rYg, required for confinement. For a given
value of the mirror ratio, which is defined by Rrni' : BrnolBo, the criterion for
confinement in the bottle is (from (3.62))
(3.63)
All particles whose pitch angles at z : z0 are less than sin-t 1R/2) can escape
from the bottle, whereas all particles whose pitch angles exceed this are conflned
to the bottle. Consequently, if we start out with an isotropic distribution of particles
at z - zo (that is, equal particle fluxes in all directions), then a short time later the
distribution will be missing all particles that do not satisfy Equation (3.63), as illus-
trated in Figure 3.10. The missing portion of the distribution is called the loss cone.
Figure 1.8: A magnetic bottle with a local minimum field strength B0 in the centre of two
local field strength maxima (Bmax). Taken from Cravens (2004).
can be written as:
F|| = −µ
dB
ds
= −µ∆||B (1.16)
where ds is a line element along B . This m ns that particles gyrating along the
field line will reach a point where v|| becomes zero, and the particl will then start
to travel in the opposite direction due to the effect of F ||. This effect is known as
magnetic mirroring, and causes particles to be trapped on a field line in a ‘magnetic
bottle’, and to ‘bounce’ between the mirror points of a dipole. An example of
converging field lines of a magnetic bottle can be seen in Figure 1.8.
If the velocity of the particle is substituted into Equation 1.15, using v⊥ =
v sinα, then:
µ =
mv2 sin2 α
2B
(1.17)
If a particle moves along a field line and the field strength changes, this causes the
pitch angle to change, so that µ is conserved. If a particle labelled ‘0’ (located
where the magnetic field strength is B0 and its pitch angle is α0) moves to another
area of the field line (where the pitch angle and magnetic field strength are α1 and
B1 respectively), then the pitch angles of the particle are related by the following
equation:
sin2 α1 =
B1
B0
sin2 α0 (1.18)
If a particle is at z = z0 in Figure 1.8, the pitch angle is α0. The particle mirrors
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when the magnetic field becomes strong enough for v||=0 and α=90◦. This occurs
when B=Bmirr:
Bmirr =
B0
sin2 α0
(1.19)
Bmirr increases with lower values of α0. As shown in Figure 1.8, a bottle exists
between two points with field strengths equal to Bmax. From the above equation,
particles with a larger v⊥ (i.e. pitch angles closer to 90◦) at the equator (z0) will
mirror before they reach Bmax, as their Bmirr is lower by comparison (i.e. their pitch
angle becomes 90◦ closer to z0). This also means that for particles with larger v||
(i.e. pitch angles closer to 0◦) at the equator, their Bmirr will be greater than Bmax.
This means that Bmax does not mirror all the particles (especially for particles with
a α0=0). For any magnetic bottle there is a range of values of α0 that are not
confined. For a particle to be confined:
sin2 α0 >
(
B0
Bmax
) 1
2
=
1
R
1
2
mirr
(1.20)
where Rmirr is the ‘mirror ratio’ defined as:
Rmirr =
Bmax
B0
(1.21)
Particles that do not mirror, ‘escape’ the magnetic bottle. If there is a distribution
of particles that is isotropic at z = z0, and then the particles are observed at some
later time, then the missing particles have ‘escaped’ the system through a loss cone;
a cone or a small range of very low pitch angles.
Particles that do not pass through the loss cone are confined to the magnetic
bottle and bounce back and forth. The time taken to bounce from z0 to each Bmirr
and back to z0 is characterised by the bounce period Tb where:
Tb =
∮
dz
v||(z)
= 4
zmax∫
z0
dz
v
[
1− B(z)B0 sin2 α0
] 1
2
(1.22)
1.2.4 Application to the Magnetosphere
The simplest model of the magnetic field in a planetary magnetosphere is that of a
dipole. The coordinate system that is usually used is spherical coordinates, where
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Figure 1.9: A sketch showing the physical quantities R, Λ, θ and λ (Kivelson and Russell
1995).
R is the radial distance to a point on the field line and λ is the magnetic latitude
at that point (see Figure 1.9). L is the “L-shell” value of a field line, which defines
the radial distance of a field line where it crosses the equator (see Figure 1.9). The
magnetic latitude of the footprint on the surface of the planet of a magnetic field
line is given as the invariant latitude, Λ. The radial distance R, to any particular
point of a magnetic field line is described as:
R = L cos2 λ (1.23)
The magnetic field strength at any point in a dipole field distribution is given by:
B(R, λ) =
M
R3
(1 + 3 sin2 λ)1/2 (1.24)
where M is the dipole magnetic moment. The values of the individual components
of the magnetic field are defined as:
BR(R, λ) = −M
R3
2 sinλ (1.25)
Bλ(R, λ) =
M
R3
cosλ (1.26)
Looking at Equation 1.24 it can be seen that the magnetic field is weakest at
the equator, and as the latitude is increased at a constant R then the magnetic
field strength also increases. This is why planetary magnetospheres act as magnetic
bottles, and why trapped particles in the magnetosphere bounce.
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Fig.l.l. The “anatomy” of the Earth’s magnetosphere. The Earth’s
na~heticfield is not only a “trap” for charged particles
(electrons and ions) but also a “shield” preventing solar
wind plasma and cosmic ray particles having free access to
the entire terrestrial atmosphere. Many physical processes
operate within the many different regions of the
magnetosphere. The terms are explained in the text.
v MV7 POINT TRAJECTORY_,
Ei ~ELECTRON MAGNETIC
Fig.1.2. Trajectory of a trapped charged particle oscillating between
two conjugate mirror points along geomagnetic field lines.
Azimuthal, i.e. longitudinal, drifts of electrons and ions are
due to magnetic as well as electric forces. When the pitch
angle (cz) of a particle is too small, i.e. is within the loss
cone, the charged particle is not mirrored but it penetrates
into the denser layer of the terrestrial atmosphere where it
ionizes or excites neutral atoms. Localised field—aligned
electric potential drops or “double layers” are sometimes
present in the magnetosphere. The resulting parallel electric
fields accelerate ionospheric ions upwards and magnetospheric
electrons downwards; their mirror points are also reduced.
Figure 1.10: The motions of particles in a magnet spher due to different drifts which
have been defined above in the text. The bouncing of t apped particl s between two mirror
points is shown (Lemaire 1982).
A summary of some of the effects described in this chapter so far can be seen
in Figure 1.10, wi h the application to the Earth’s magnetosphere. The gyration of
particles around the magn tospheric field line as well as the bou cing of rapped
particles between mirror points (due to the magnetic field lines converging towards
the poles) can be seen in the magnetosphere. The loss cone of particles with closely
field-aligned pitch angles that do not mirror (and therefore penetrate the ionosphere
and are ‘lost’) is shown. The drifting of electrons and protons in different directions
is due to the gradient and curvature drift forces. The ‘double layer’ is a represen-
tation of the field-aligned electric potential drop that occurs near the planet, which
accelerates the particles to produce the aurora.
1.3 Magnetohydrodynamics
The previous section discussed the behaviour of singly charged particles in electric
and magnetic fields. However, from the definition of a plasma, there are many more
particles present, and so a different approach to account for this is necessary. Instead
of computing the single particle motions of many particles (which would take a lot of
computational power), the single particle approach can be neglected in exchange for
treating the motion of particles in a plasma as a collective fluid. In hydrodynamics,
a particle’s motion is part of a fluid due to constant collisions with neighbouring par-
ticles. A plasma is treated as an electrically conducting fluid which is then affected
by internal and external magnetic fields. This approach is called magnetohydrody-
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namics (Alfve´n 1942), or ‘MHD’ for short. MHD is therefore a combination of fluid
conservation equations combined with equations of electromagnetism. Similarly to
single-particle motion, certain conditions of the plasma fluid must be met for MHD
to be valid. Firstly, the scale sizes of the fluid must be significantly larger than the
gyroradius of the particles. Secondly, the timescales of the changes in the plasma
fluid must be much larger than w−1g (the typical gyroperiod) of the plasma.
Maxwell’s equations are used to describe the relationship between electric and
magnetic fields, and are written as follows, starting with Ampere’s Law:
∇×B = µ0j + 1
c2
∂E
∂t
(1.27)
where µ0 is the permeability of free space, c is the speed of light, and j is the current
density. This equation states that changes in a magnetic field can be produced by
either a current or a time-varying electric field (or both).
Faraday’s Law:
∇×E = −∂B
∂t
(1.28)
represents changes in an electric field which can be produced by a time-varying
magnetic field.
Gauss’ Law for magnetic fields is given by:
∇ ·B = 0 (1.29)
implies that there is no divergence in a magnetic field and therefore magnetic
monopoles cannot exist.
Gauss’ Law for electric fields is:
∇ ·E = ρ
0
(1.30)
where ρ is the charge density and 0 is the permittivity of free space. The equation
states that the divergence of an electric field is related to the density of electric
charge.
In MHD, it is assumed that the fluid is quasineutral (the number of electrons
and positively charged ions both equal n). If it is assumed that there are no source
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or loss processes occurring then the total charge and mass is conserved during the
fluid’s motion, and so the mass conservation equation is:
∂n
∂t
+∇ · (nv) = 0 (1.31)
The second equation for MHD is the equation of motion (or the momentum
equation). Here it is written for the one-fluid case.
nm
[
∂v
∂t
+ (v · ∇)v
]
= qn(E + v×B)−∇P (1.32)
In an unmagnetised fluid the only acting forces are viscous and pressure forces,
whilst for a plasma there is an added electromagnetic component, the Lorentz force,
which acts on the charged particles. Equation 1.32 describes the change in fluid
velocity in relation to the density and electromagnetic forces acting on the fluid.
As well as the above Maxwell’s and MHD equations, Ohm’s Law is also used.
For many parts of the magnetosphere, Ohm’s Law can be simplified to be written
as:
j =
1
η
(E + v×B) (1.33)
where η is the resistivity of the plasma (which can be written as the inverse of the
conductivity, σ−1). This shows that the current density j, is related to the rest
electric and motional electric fields. The plasma resistivity η, is proportional to
the collisional frequency, and in a (almost) collisionless plasma, this value becomes
extremely low, which means the plasma is highly conducting. Therefore the limit
of Equation 1.33 as η tends to zero becomes:
E = −v×B (1.34)
which shows that in an infinitely conducting plasma, the electric field is the motional
(or convective) electric field. This gives rise to the MHD concept of ‘frozen-in’ flux,
whereby the magnetic field is frozen to the particles. This means that if the particles
in a plasma fluid move, the magnetic field will also move so that the particles remain
on the same field line.
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1.3.1 Frozen-in Flux and the Magnetic Reynolds Number
Ohm’s law (Equation 1.33), can be written with conductivity instead of resistivity,
σ = 1/η. Using Ampere’s Law and Faraday’s Law, the following equation can be
written:
∂B
∂t
= ∇× (v×B) + 1
µ0σ
∇2B (1.35)
where µ0 is the permeability of free space. This is known as the induction equation
(or the dynamo or hydromagnetic equation). The first term on the right side of the
equation shows how the magnetic field varies due to convection of the plasma. The
second term represents how the magnetic field diffuses through a plasma. The value
(µ0σ)
−1 is called the magnetic diffusivity. For a fully convective collisionless plasma,
the magnetic field is advective and the second term is zero, causing the magnetic
field to move with the plasma. If there are collisions, the resistivity increases and
the diffusion of the magnetic field occurs.
The ratio between the two terms of the above equation is known as the magnetic
Reynolds number (Rm):
Rm =
µ0σ
∇2B∇× (v×B) (1.36)
and measures which of the two terms is more important. Rewritten using simple
dimensional terms, where L is the length scale and V is the velocity of convection,
the equations becomes:
Rm = µ0σLV (1.37)
If Rm 1, then the plasma is convective and the magnetic field is frozen into
the plasma. For a collisionless plasma the convective term is usually the dominant
one. For a plasma where the magnetic field varies over large spatial scales, the
plasma is said to follow ideal MHD conditions (i.e. when Rm 1).
1.3.2 Magnetic Tension, Pressure and Plasma-β
Combining Ampere’s Law and the momentum equation we can obtain:
j×B = −∇
(
B2
2µ0
)
+
(B · ∇)B
µ0
(1.38)
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From this equation, the first component on the right hand side shows the force
exerted by a gradient in the square of a magnetic field strength. The first term is
effectively the gradient of a pressure pB which is written as:
pB =
B2
2µ0
(1.39)
This is the magnetic pressure of a plasma. The last term of Equation 1.38 is the mag-
netic tension force. This force may arise when a magnetic field is bent and becomes
distorted, and the tension force acts to return it to a lower energy configuration.
The total effective pressure of a plasma is thus the sum of the plasma pressure
(P ) and the magnetic pressure (pB). The ratio of these two pressures provides the
the plasma β (‘beta’) parameter:
β =
2µ0P
B2
(1.40)
The plasma β determines which pressure is more important in determining the
dynamics of the plasma. A low-β plasma where β 1 occurs when the magnetic
pressure dominates and it is said that the ‘fluid follows the magnetic field’. In
a high-β plasma of β 1, the plasma pressure dominates and it is said that the
‘magnetic field follows the fluid’. When β ∼1 then neither of the two pressures
dominate.
1.3.3 Diamagnetic Drift
A plasma fluid is made up of particles, and if the individual particles have drifts
which are directed perpendicular to the magnetic field direction, then one would
expect a plasma fluid to also have drifts. The pressure term ∇P however does not
appear in the single-particle motion equations, and therefore the drift associated
with it can only be found in fluids. If the left hand side of the equation of motion
(Equation 1.32) is taken to equal zero (due to the assumption that that the direction
of the drift is perpendicular to the gradient), and a cross product is taken with B ,
the following result is obtained:
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qn[E×B + (v⊥ ×B)×B]−∇p×B = 0
qn[E×B + B(v⊥ ·B)− v⊥B2]−∇p×B = 0
Rearranging gives:
v⊥ =
E×B
B2
− ∇p×B
qnB2
(1.41)
It can be seen that the first term on the right hand side of the equation is the E×B
drift, found in Equation 1.11. The second term is the velocity of a new drift known
as the diamagnetic drift. Due to opposite directions of gyration, in a quasineutral
plasma the diamagnetic drift is associated with the motion of electrons and ions in
opposite directions. This will cause an effective drift current to flow in the plasma.
This current is written as:
jdia =
B×∇p
B2
(1.42)
It is called a diamagnetic current as it will decrease the external magnetic field.
This drift can be explained physically. Figure 1.11 shows a positive density gradient
directed from right to left. On the left side of the figure, more particles are gyrating
than on the right. For a specific volume element in the gradient, there are more
particles moving down than up, due to the higher density. This results in a drift in
the plasma perpendicular to the gradient and the magnetic field, and an effective
drift current flow. The current is detectable because it generates a magnetic field
which can be measured.
1.4 Plasma in the Solar System
Plasmas are found throughout the Universe as well as in the Solar System. The
Solar System is full of plasma that has a magnetic field embedded in it, and the
different regions important to this thesis will be described.
1.4.1 The Solar Wind
The solar wind is a constant stream of plasma that is highly variable, and travels
radially outward from the Sun with a magnetic field threaded through it. It consists
mainly of electrons and protons, as well as a very small percentage (∼ 5 % by
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Figure 1.11: An illustration of the diamagnetic drift (Chen 1974).
number) of helium ions (Baumjohann and Treumann 1996). It was first suggested
to exist due to the observations of the anti-sunward direction of cometary tails
(Biermann 1951).
An explanation for the cause of the solar wind came later. The Sun’s atmo-
sphere is not confined to its surface like that of a planet, due to the very high
thermal conductivity of the Sun’s corona. Due to hydrostatic equilibrium not being
maintained, the Corona is actually expanding outwards, causing a constant outflow
of particles and radiation into interplanetary space. This idea was first proposed
by Chapman and Zirin (1957) and later expanded upon by Parker (1959). This
causes all of the planets to be bathed in the Sun’s outflowing atmosphere (i.e the
solar wind).
The solar wind is a highly conductive fluid with a Reynold’s number of
Rm > 10
6 (Kivelson and Russell 1995), so the magnetic field that originates deep in
the Sun is dragged out into interplanetary space by the outflowing plasma. There-
fore, pervading throughout the solar wind plasma there is a magnetic field of solar
origin, known as the Interplanetary Magnetic Field (IMF). Combining the frozen-in
approximation with the rotation of the Sun results in the IMF being ‘wound up’
into an Archimedean spiral, known as the Parker Spiral.
The spiral configuration produces an angle between the sun-planet radial vector
and the direction of the IMF. This angle increases with distance from the Sun, and
therefore differs for each of the planets (see Table 1.1). At an infinite distance from
the Sun, the angle would be 90◦.
The solar wind is variable, however it is usually grouped into two types; the
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Table 1.1: The average IMF strength and direction (Owen, C. J. priv. com)
Planet Angle Strength
Mercury 21◦ 35 nT
Earth 45◦ 7 nT
Mars 56◦ 4 nT
Jupiter 80◦ 1nT
Saturn 85◦ 0.5 nT
Neptune 88◦ 0.2 nT
slow solar wind, with speeds of 300-400 km s−1, and the fast solar wind, with speeds
of up to 700 km s−1 (Kivelson and Russell 1995). The fast solar wind originates
from open coronal holes found at the high latitudes of the Sun. The slow wind
originates from closed coronal streamers found at lower latitudes. These velocities
vary with the solar cycle (11 years), and are affected by the complex variations of
the solar magnetic field.
At times of higher solar activity coronal holes can exist at all latitudes leading
to ejection of high speed solar wind nearer the ecliptic. In addition, during the
declining phase of the solar cycle, the Suns dipole axis is significantly tilted from its
spin axis such that the sources of high speed solar wind cross the near-equatorial
region twice per solar rotation. When fast streams of solar wind are emitted at this
location, due to their higher velocity they are able to overtake the slow streams,
causing an interaction between the two. A compression of the plasma and magnetic
field takes place, resulting in large increases of the magnetic field strength. As these
regions rotate with the Sun, they are called corotating interaction regions or ‘CIRs’.
An example of a CIR is shown in Figure 1.12. In this figure, the Parker spiral can
also be seen with the curved IMF.
At the boundaries of a CIR, shocks can form where particles can be accelerated.
On the leading side of the CIR a forward shock forms and propagates outwards from
the CIR. On the trailing side, the shock is called the reverse shock and propagates
into the fast solar wind. These CIRs can persist throughout many solar rotations.
1.4.2 Magnetospheres
The solar wind and the IMF dominate the majority of the space in the Solar System,
however the magnetic field of a planet acts as an obstacle. The solar wind interacts
with all the planets, however the focus of this discussion is on planets with intrin-
sic magnetospheres. Two of the eight planets (Venus and Mars) have flow-induced
1.4. Plasma in the Solar System 43
Figure 1.12: A corotating interaction region of the fast and slow solar wind (Hundhausen
1972). The shape of the Parker spiral can also be seen in the curved field lines originating
from the Sun.
magnetospheres, with the rest having intrinsic magnetospheres. An induced mag-
netosphere occurs when the IMF induces a current in the unmagnetised planet’s
atmosphere, which due to Lenz’s law results in a magnetic field being produced
that opposes the IMF. This creates a magnetic barrier between the planet and the
solar wind, and therefore an ‘induced magnetosphere’ forms.
Chapman and Ferraro (1931a,b) were the first to suggest that the Earth’s mag-
netic field would create a low-density cavity within the solar wind. We call the
low-density cavity the Earth’s magnetosphere. The magnetosphere is defined as the
region of space around Earth where plasma behaviour is dominated by the Earth’s
magnetic field. Chapman & Ferraro initially thought that the Sun ejected matter
on a transient basis, however as discussed previously, the solar wind is continuous,
but highly variable.
Most of the studies in the past and present have focused on the Earth’s mag-
netic field which, in a vacuum (with no internal or external plasma or external
magnetic fields present) would represent a magnetic dipole. However, due to the
pressure exerted by the impinging solar wind, the dayside of the magnetosphere is
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Figure 8.1. Three-dimensional cutaway view of the magnetosphere. The light blue outer surface
is the magnetopause, its boundary layers are shown in darker blue. Magnetic field lines are shown
in blue, electric currents in yellow. The polar region where the magnetic field lines converge is the
polar cusp. The bow shock has been omitted for clarity. (Adapted from Kivelson and Russell, 1995).
magnetosheath, where the field is relatively weak. Just before the magnetopause is
encountered, at about 8.2 RE, the measured field is about twice that of the dipole
(see e.g., Chapman and Bartels, 1940). In the magnetosheath, the field intensity is
usually lower and has larger variability, reflecting the fluctuations in the interplan-
etary magnetic field. The increase in the field elevation angle, a , just earthward of
the magnetopause suggests the presence of a plasma boundary layer, presumably
connected to the dayside ionosphere via field-aligned (Region 1) currents. Due to
lack of plasma measurements, the actual presence of such a layer in the Explorer 12
pass shown in Figure 8.2 remains uncertain. But measurements by later spacecraft
have established the frequent presence of a plasma boundary layer immediately
Earthward of the magnetopause. It is now called the ‘low-latitude boundary layer’
or LLBL (e.g., Eastman et al., 1976; Sckopke et al., 1981).
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Figure 1.13: A diagram of the magnetosphere with its various regions and currents high-
lighted (de Keyser et al. 2005).
compressed. The nightside of the magnetosphere is stretched out into a long tail,
called the magnetotail. The exact consequence of the frozen-in condition results in
the inability of magnetised plasmas to mix (i.e. the plasma from the solar wind and
the magnetosphere cannot mix), and herefore the magn t sphere becomes ‘clos d’
to the solar wind. This is known as the closed magnetospheric model. A diagram of
the terrestrial magnetosphere is shown in Figure 1.13. The differe t regions common
to all magnetospheres are described below, with the aid of the diagram.
1.4.2.1 The Bow Shock and the Magn tosheath
The magnetosonic speed (cms) can be calculated for the solar wind according to:
cms =
√
c2S + v
2
A (1.43)
where cs is the sound velocity, and vA is the Alfve´n velocity. The Alfve´n velocity de-
scribes the speed at which waves can propagate (longitudinally) along the direction
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of a magnetic field line in a plasma, and is described by the following equation:
vA =
√
B2
µ0ρ
(1.44)
where ρ is the density of the plasma.
The magnetosonic Mach number (Mms) can be calculated as the ratio of the
velocity of the fluid to the magnetosonic velocity. A supermagnetosonic plasma is
defined by Mms >1, and a shock occurs when the plasma encounters a non-moving
obstacle because the plasma is unable to divert around the obstacle.
The solar wind is supermagnetosonic, so when it encounters a planetary mag-
netosphere as an obstacle in its path, a shock is formed upstream of the planet.
The shocked material has two boundaries. The first being the bow shock, which
is the boundary between the supermagnetosonic solar wind (upstream of the bow
shock) and the shocked, disturbed solar wind plasma called the magnetosheath.
The second boundary is between this shocked plasma and the magnetosphere (the
magnetopause).
When the solar wind is shocked, it is slowed down and most of its kinetic en-
ergy is converted into thermal and magnetic energy. Therefore the magnetosheath
is hotter and denser than the solar wind. The magnetic field strength is also higher
in the magnetosheath because it is still frozen in to the plasma which has become
denser. The subsolar magnetosheath is subsonic near the subsolar point of the mag-
netosphere and so the plasma is able to divert around the magnetosphere. Further
down the flanks of the magnetosphere the magnetosheath will no longer be subsonic.
The magnetosheath is an important region as it is the ‘border’ between the
magnetosphere and the IMF in the upstream solar wind. The IMF drapes around
the magnetosphere along the magnetopause, and its orientation can influence the
behaviour of the magnetospheric dynamics.
1.4.2.2 Magnetopause
Due to the frozen-in approximation of MHD, the plasma from the magnetosheath
and magnetosphere cannot mix, and so a boundary between the two regimes exists,
called the magnetopause. This boundary is highlighted in sky-blue in Figure 1.13.
There is a gradient and a curl in the magnetic field across the magnetopause
due to the usually weak field in the magnetosheath and the strong field in the
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Figure 1.14: A schematic of the magnetopause surface current layer (Baumjohann and
Treumann 1996).
magnetosphere. From Ampere’s Law this curl is supported by a surface current
layer. Therefore, in reality the magnetopause is not a line in space, but a current
sheet with a distinct thickness. Figure 1.14 explains this current layer.
Particles enter the magnetospheric side of the magnetopause and, due to the
increased magnetic field, their gyroradii decrease. After a half-orbit, the particles
re-enter the magnetosheath with a reversed velocity. The thickness of the current
layer is therefore of the order of the ion gyroradii. Electrons and ions gyrate in
opposite directions, so there is a differential motion of the charge which gives rise to
the current. This is a diamagnetic current caused by the density gradient and so it
decreases the external magnetic field in the magnetosheath. The dayside current (see
Figure 1.13) runs across the magnetopause from dawn to dusk, and then closes via
the tail current, which is also ‘fed’ by the cross-tail current inside the magnetosphere.
The tail current is divided into a northern and southern component, crossing over
the lobes (dusk to dawn).
The location of the magnetopause maybe evaluated using a pressure balance
across the boundary. The magnetopause is found where the dynamic, magnetic
and plasma pressures of the solar wind and the magnetosphere are in equilibrium.
Within the solar wind, the plasma pressure (thermal and dynamic) is more domi-
nant, with the dynamic pressure more significant than the thermal component. In
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the magnetosphere the magnetic pressure is more dominant. Therefore, by tak-
ing a (simplified) balance between the dynamic pressure of the solar wind and the
magnetic pressure of the magnetosphere, the location of the magnetopause can be
calculated. The subsolar position of the magnetopause is the location taken at its
subsolar point, and at Earth this distance (between the planet centre and the sub-
solar point, usually measured in planetary radii) is proportional to P
−1/6
dynamic, whilst
for the Jovian magnetosphere, the power in this relationship has been found to be
between -1/4 and -1/5 (Huddleston et al. 1998), resulting in the terrestrial magne-
tosphere being less responsive to compression. This magnetopause standoff distance
is usually considered when comparing different planetary magnetospheres. At Earth
it is ∼10 Earth radii from the planet centre (RE), whilst at Saturn it is ∼20 Saturn
radii (RS).
1.4.2.3 The Inner Magnetosphere
The inner terrestrial magnetosphere is marked by a cold, dense region of plasma
in the shape of a toroid known as the plasmasphere (highlighted in dark blue in
Figure 1.13). This plasma is of ionospheric origin and co rotates with the planet.
Located at a similar distance from the planet are also the radiation belts (at Earth
known as the Van Allen belts). These belts are areas of high energy particles. The
proton belt extends all the way across the radiation belts, whilst the electron belt is
divided into two regions, an inner and outer belt. These two regions are separated
by the slot region, which is formed due to wave-particle gyroresonant interactions
(whistler-mode and electromagnetic ion cyclotron wave) which can pitch-angle scat-
ter the particles into the loss cone, causing them to be lost into the ionosphere (e.g.
Lyons and Thorne 1973; Spence et al. 2013).
1.4.2.4 The Magnetotail
The nightside of the magnetosphere is stretched out into a tail-like configuration
due to viscous interactions between the planetary magnetic field and the solar wind
flow. The tail can extend for hundreds of planetary radii downstream of the planet.
The magnetotail has different regions which can be found in another diagram of
the magnetosphere (Figure 1.15) with the magnetotail labelled. The plasma sheet
contains high-density hot plasma (n∼0.5 cm−3), with a relatively low magnetic field
strength (B∼10 nT, from Lui 1987). A neutral sheet is found at its centre which has
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Figure 1.15: A diagram of the terrestrial magnetosphere with the magnetotail regions
labelled (Wang 2008).
an extremely low magnetic field (B∼2 nT and n∼1 cm−3). This is due to the change
in the field orientation from a planetward directed magnetic field in the northern
part, and anti-planetward in the southern part (for the terrestrial magnetosphere).
The next region is the plasma sheet boundary layer, which is a transition layer
between the plasma sheet and the tail lobes (n∼0.1 cm−3 and B∼20 nT). The tail
lobes are regions with lower density plasma (n∼0.01 cm−3) and higher magnetic
field strengths (B∼25 nT) compared to the plasma sheet. Approximations of the
number density and magnetic field strength were taken from Lui (1987).
1.4.2.5 Currents
Currents in the magnetosphere are associated with the variations or deformations
of the magnetic field, which (mentioned previously) is summarised by Ampere’s
Law. The magnetosphere is deformed from a dipole due to the solar wind, and so
several current systems arise. These currents can be seen in Figure 1.13, as yellow
arrows. The magnetopause current occurs due to the field gradient between the
magnetosphere and the magnetosheath, and travels from dawn to dusk, and in the
tail over the lobes. It is also connected to the cross-tail current, which is associated
with the oppositely orientated magnetic fields in the tail neutral sheet. When viewed
from the Sun, these two currents are shaped into a theta symbol, Θ.
Near the Earth, there is a ring current which occurs partly due to the gradient
and curvature drift of particles along the magnetospheric field lines. The ring current
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Figure 1.16: A simple schematic of oppositely aligned magnetic field lines reconnecting to
form a new configuration (Baumjohann and Treumann 1996).
can also be partially diverted through the ionosphere along field-aligned currents,
called Birkeland currents. Birkeland currents form at the inner edge of the plasma
sheet, and the ring current is diverted along the field lines towards and away from
the planet.
1.5 Magnetospheric dynamics
In this section the different processes contributing to magnetospheric dynamics will
be presented. One of the drivers of dynamics is the process of magnetic reconnection,
which will be discussed first.
1.5.1 Magnetic reconnection
Magnetic reconnection occurs when field lines are oppositely orientated, and interact
to form a new configuration. From MHD, the magnetic Reynolds number gives a
measure of whether the magnetic field advects with the plasma or not. For a high
Reynolds number, MHD is an appropriate assumption of the rules that govern a
plasma. However, when Rm is low, the magnetic field can diffuse through the
plasma, and the frozen-in approximation is no longer valid. This may occur in
current layers such as the magnetopause.
A simple reconnection model is shown in Figure 1.16. Two field lines approach
each other due to plasma flow (a). Then the two magnetic field lines will reconnect
to form two different field lines (b). As magnetic tension forces act to straighten
the field lines which are curved, the field lines will move away from the reconnection
region (c) and allow the next field line to undergo the same process. During re-
connection, magnetic energy can be released and transferred to the plasma. Where
previously two bodies of plasma could not interact due to ideal MHD, the new
configuration of the magnetic field line allows for the plasmas to mix.
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In the Sweet-Parker model of reconnection (Parker 1957), the diffusion region
is long and narrow and the reconnection rate depends on the plasma inflow rate
(vinflow) through this region. This is written as:
vinflow =
vA
R
1/2
m
(1.45)
This shows that the reconnection rate is dependant on the Alfve´n velocity and
the magnetic Reynolds number, which usually results in a low reconnection rate due
to most plasmas having a high Rm. The Petschek reconnection model (Petschek
1964) is an improvement on this model, and does not require all of the material
that is to be reconnected to pass through a diffusion region. Instead, the material is
accelerated by shocks at the reconnection site. This decreases the size of the diffusion
region, and increases the inflow velocity, and subsequently the reconnection rate is
found to be more realistic in comparison to observed Solar System reconnection
rates (e.g. Priest 2014).
1.5.2 The Dungey Cycle
Closed magnetospheric field lines that are opened via reconnection at the dayside
magnetopause, map from the ionosphere into interplanetary space. Due to reconnec-
tion, the field lines become kinked and magnetic tension acts to ‘straighten’ them.
This tension, along with the antisunward flow in the magnetosheath, drag the field
lines poleward. These open field lines convect until they reach the tail, whereby the
process of reconnection occurs again with other open field lines at a new location
in the nightside of the magnetosphere. This causes the open field lines to become
closed once again, and magnetic tension causes the now-closed field lines to become
dipolarised. The energisation from reconnection and dipolarisation heats the plasma
which creates the main emission in the auroral oval. Eventually the field lines will
move through the flanks of the magnetosphere and reach the dayside where they
may reconnect with the IMF at the magnetopause again. Reconnection must occur
in the tail in order to replenish the field lines at the dayside, otherwise there would
be a net erosion of magnetic flux on the dayside, and the Earth would be completely
naked to the solar wind. This cycle is named after the author Dungey (1961) who
first proposed it.
A representation of the Dungey cycle can be seen in Figure 1.17. In panel (a)
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Figure 1.17: Field lines in the solar wind and the magnetosphere: a) when the IMF is
parallel to the magnetospheric dayside field (i.e closed magnetosphere), b) for anti-parallel
IMF (an open magnetosphere), the individual lines labelled A: IMF-line, B: IMF-line con-
necting or disconnecting to a geomagnetic field line, C: Open geomagnetic field line, D: a
closed geomagnetic field line and N: the neutral point. Finally (c), the circulation of the
magnetospheric field lines due to the Dungey cycle. The field lines labelled from 0−7 show
the positions of the evolution of a magnetic field line during the Dungey cycle (Hargreaves
1995).
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accelerated to a substantial fraction of the rigid rotation
speedlHill, 19791. Rotational speeds as a function of radial
distance stay at higher levels than the Hill ll979l theory
would suggest (taking into account ionized mass outflow
from the regions of the moon Io), indicating that modffica-
tions engendered by magnetic field-aligned elechic fields
and auroral precipitation (particle impacts on the iono-
sphere which increases conductivity) are substantial [e.g.,
Ray et a1.,2010; Ray and Ergun, this voiume].
Just as we find at Earth, observations at Jupiter of particle
acceleration features (section 2.5) indicate that the auroral
curents are much more structured than suggested by Figure
9a, with multiple pairs of upward and downward currents
occurring lMauk and Saur,2007l. A notional curent profile
as a function of magnetospheric Z at some unspecified, none-
quatorial latitude is sketched in Figure 8b. Saur et al.12003)
have suggested that the structuring is so pervasive on multi
ple scales that turbulent processes may be the prime energy
conversion mechanism for the generation of Jupiter's aurora.
This notion is supported by the power densities and spatial
distribution (matching the mapped auroral distribution) of
the magnetic turbulent spectrum (see Figure 10). More spe-
cifically, Saur et al. [20031argue that there is a sufficient
source of energy within the magnetic turbulence to power
Jupiter's main aurora. We focus on this suggestion because it
is highly reminiscent of the "Alfr6nic aurora" discussion in
section 1.2 about the Earth's aurora. Just as has been done in
the case of the Earth, the argument is supported principally
on the basis of energy source (rather than a specific mecha-
nism for energy dissipation) and on the magnetic mapping of
structures from the magnetosphere to the auroral dissipation
regions. Not only does the region of turbulence at Jupiter
map well to the regions of auroral emissions, but the energies
available for dissipation from that turbulence are sufficient to
provide all of the energy needed to power the aurora. The
role of turbulent waves in transporting energy from the
magnetosphere to the auroral regions, and in possibly help-
ing to drive the auroral current system, is a ripe area for
research on both the Earth and Jupiter and likely on other
systems as well.
Figure 8. Schematics of the solar wind-driven auroral current
system at Earth. (a) A view toward the Sun with the inner boundary
of the shaded region representing the outer boundary of the mag-
netosphere. (b) A view of the Earth's Northem Hemisphere iono-
sphere. The crosses and dots represent magnetic field-aligned
currents flowing into and out of the ionosphere. Figures 8a and 8b
are from Cowley [2000]. (c) The antisunward, comet-like magnetic
tail of Earth's magnetosphere extends to the right. Figure 8c is from
Stern 119841.
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accelerated to a substantial fraction of the rigid rotation
speedlHill, 19791. Rotational speeds as a function of radial
distance stay at higher levels than the Hill ll979l theory
would suggest (taking into account ionized mass outflow
from the regions of the moon Io), indicating that modffica-
tions engendered by magnetic field-aligned elechic fields
and auroral precipitation (particle impacts on the iono-
sphere which increases conductivity) are substantial [e.g.,
Ray et a1.,2010; Ray and Ergun, this voiume].
Just as we find at Earth, observations at Jupiter of particle
acceleration features (section 2.5) indicate that the auroral
curents are much more structured than suggested by Figure
9a, with multiple pairs of upward and downward currents
occurring lMauk and Saur,2007l. A notional curent profile
as a function of magnetospheric Z at some unspecified, none-
quatorial latitude is sketched in Figure 8b. Saur et al.12003)
have suggested that the structuring is so pervasive on multi
ple scales that turbulent processes may be the prime energy
conversion mechanism for the generation of Jupiter's aurora.
This notion is supported by the power densities and spatial
distribution (matching the mapped auroral distribution) of
the magnetic turbulent spectrum (see Figure 10). More spe-
cifically, Saur et al. [20031argue that there is a sufficient
source of energy within the magnetic turbulence to power
Jupiter's main aurora. We focus on this suggestion because it
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section 1.2 about the Earth's aurora. Just as has been done in
the case of the Earth, the argument is supported principally
on the basis of energy source (rather than a specific mecha-
nism for energy dissipation) and on the magnetic mapping of
structures from the magnetosphere to the auroral dissipation
regions. Not only does the region of turbulence at Jupiter
map well to the regions of auroral emissions, but the energies
available for dissipation from that turbulence are sufficient to
provide all of the energy needed to power the aurora. The
role of turbulent waves in transporting energy from the
magnetosphere to the auroral regions, and in possibly help-
ing to drive the auroral current system, is a ripe area for
research on both the Earth and Jupiter and likely on other
systems as well.
Figure 8. Schematics of the solar wind-driven auroral current
system at Earth. (a) A view toward the Sun with the inner boundary
of the shaded region representing the outer boundary of the mag-
netosphere. (b) A view of the Earth's Northem Hemisphere iono-
sphere. The crosses and dots represent magnetic field-aligned
currents flowing into and out of the ionosphere. Figures 8a and 8b
are from Cowley [2000]. (c) The antisunward, comet-like magnetic
tail of Earth's magnetosphere extends to the right. Figure 8c is from
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Figur 1. A iagram draw as if Earth was eclipsing the Sun. It shows
the region 1, region 2, Pedersen, magnetopause (Chapman-Ferraro),
and ring currents as well as illustrating the location of open and closed
terrestrial magnetic field lines. The arrow showing Pedersen current
flow across the polar cap is smaller than the arrows for the auroral
zone to indicate the relative strength of the Pedersen currents (not to
scale). It can be seen from this image how the region 1 current sheet
corresponds to the open/closed field line boundary, or OCB.
The Birkeland currents are associated
with the polar ionosphere convec-
tion pattern, which is also associated
with the Dungey cycle [Dungey, 1961],
driven by magnetic reconnection at
the magnetopause and in the mag-
netotail [Cowley and Lockwood, 1992].
Clausen et al. [2012, 2013a, 2013b]
have shown that the Birk land currents
change in latitude in a manner consis-
tent with the expanding/contracting
polar cap (ECPC) paradigm of the exci-
tation of he Dungey cycle [Milan et
al., 2003, 2007; Milan, 2013]. It is the
purpose of this pap r to character-
ize the magnitudes of the currents
and relate them to this picture of the
solar wind-magnetosphere-ionosphere
coupled system.
The Dungey cycle is th circulation of
Earth’s magnetic field and plasma in the
magnetosphere caused by magnetic
reconnection between the I terplane-
tary Magnetic Field (IMF) frozen into the
outflowing solar wind and the terres-
trial dipole [Dungey, 1961]. This creates
“open magnetic flux” interconnecting
the interplanetary medium to the polar
r gions. Subsequently, r connec ion in
the tail closes this open magnetic flux,
and it returns to the dayside to complete
the cycle. It is this opening and closing
of flux that drives magnetospheric convection and a sympathetic circulation of plasma in the ionosphere.
As dayside reconnection occurs, the amount of open magnetic flux inside Earth’s magnetosphere increases.
Nightside reconnection reduces the amount of open magnetic flux in the same way. The amount of open
magnetic flux in the magnetosphere governs the locatio f th boundary between t open and closed
flux in the ionosphere, enclosing the area known as the polar cap—when there is more open magnetic flux,
the boundary is farther from the pole, and therefore the size f the polar cap is i creased.
Stresses are transmitted around the system by current systems, and the R1/R2 currents are an integral com-
ponent. The region 1 Birkeland currents are believed to flow, in part, within the boundary between the open
and closed flux, also called the OCB [Clausen et al., 2012]. Therefore, an accurate calculation of their loca-
tion can be used as a proxy for the size of the polar cap and this means that any such measurement can also
be used to determine the ratio of open to closed magnetic flux in the Earth’s magnetosphere. By taking the
time derivative of the location of the current ovals, the net magnetic reconnection rate can be calculated. In
this paper we characterize the magnitudes of the R1 and R2 currents using the Active Magnetosphere Plan-
etary Electrodynamics Response Experiment (AMPERE) technique outlined in section 2, which are in turn
related to the strength of the convection pattern driven by the dayside and nightside reconnection rates
and the conductance of the ionosphere.
2. The AMPEREData Set
The Active Magnetosphere and Planetary Electrodynamics Experiment (AMPERE) was conceived to inves-
tigate the Birkeland currents using magnetometer data from the IridiumⓇ telecommunications satellite
network [Anderson et al., 2000]. The IridiumⓇ network comprises 66 active spacecraft that orbit the Earth in
six polar orbital planes at an altitude of 780 km. Eleven spacecraft are found in each plane, and each is in a
COXON ET AL. ©2014. The Authors. 9805
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Figure 1.18: On the left in panel a): an illustrat on of the twin cell convection pattern
the Dungey cycle produces in the ionosphere, with noon at the top, dawn t th right and
dusk to the left. Also shown are the region 1 and 2 field-aligned currents flowi g out of and
into the ionosphere (dots and crosses). On the outside the local times are labelled. Tak n
from Mauk and Bagenal (2012). Panel b) shows the Region 1 and 2 currents, the Pedersen
current and the magnetopause and ring current in t magnetospher . The Pedersen current
across the polar cap is thinner to represent that it is weaker than the currents between the
two Regions. The view is from midnight (local time) as if the Earth was eclipsing the Sun.
Taken from Coxon et al. (2014).
the IMF is northward and the field lines are not anti-parallel, resulting in no recon-
nection occurring, and the magnetosphere being closed. In panel (b) the different
states of a field line are presented (see panel caption). In panel (c) the Dungey cycle
is shown with the evolution of a field line before reconnection at ‘0’, until the closure
of magnetic field lines at ‘6’ and dipolarisation closed field lines at ‘7’. The closed
field line returns to the magnetopause to be reconnected again. After reconnection
occurs the field line convects poleward and when the field line is at positions 1 and
2, plasma from the magnetosheath is allowed to enter the magnetosphere. These
regions are known as the cusps, and are an impor ant r gion for the en ry of plasma,
momentum and energy into the magnetosphere from the shocked solar wind. The
physics of this region will be discussed later, and is the focus of this thesis at the
Saturnian magnetosphere.
In Figure 1.18a) the effect of the Dungey cycle in the northern ionosphere can
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Auroral signature of lobe reconnection 
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Abstract. We report specific changes in the dayside auro- 
ral morphology in the winter hemisphere which occur in re- 
sponse to sharp transitions between northward and south- 
ward- directed interplanetary magnetic fields (IMF). In two 
case examples we show how a switch between large negative 
and large positive IMF B Z component was accompanied by 
a corresponding switch in the location of the 630.0nm au- 
rora: the cusp aurora situated at m 74 o MLAT disappeared 
and another form this time situated at m 77- 78 o MLAT ap- 
peared simultaneously (within 1 min.). We suggest hat the 
lower- and higher-latitude auroras correspond to injections 
of magnetosheath plasma associated with, respectively, mag- 
netic reconnection at low and high magnetopause latitudes. 
They may be called cusp/LLBL and cusp/mantle auroras, re- 
spectively. According to this interpretation the cusp/mantle 
aurora thus corresponds to reconnection tailward of the cusp, 
the so-called lobe reconnection. The auroral signature is ob- 
served to last for a few tens of minutes, indicating that lobe 
reconnection can occur in a quasi-steady mode. During the 
17 December 1992 case event sunward plasma convection in 
the polar cap was inferred from magnetometer records ob- 
tained during the period when the high-latitude aurora oc- 
curred. 
1976; Coley et al., 1987, Knipp et al., 1991; Freeman et al., 
1993, Lu private communication., 1994)and (c) particle pre- 
cipitation (Basinska et al., 1992; Woch and Lundin, 1992). 
The in situ spacecraft data show evidence of sunward directed, 
accelerated plasma flows satisfying the stress balance rela- 
tion appropriate to a rotational discontinuity. 
The convection signature consists of sunward flow on open 
field lines in the polar cap, giving rise to the so-called ,,lobe 
cell convection" which is entirely confined to the polar cap 
(Reiff and Burch, 1985, Freeman et al., 1993). According to 
one model, this is a summer hemisphere phenomenon 
(Crooker, 1992; Crooker and Rich, 1993). The particle sig- 
nature is characterized by accelerated sheath ions whose en- 
ergy increases with latitude (reversed energy dispersion) and 
which are located at the poleward edge of the cusp (Basinska 
et al., 1992; Woch and Lundin, 1992). The reversed energy 
dispersion is consistent with sunward convection. 
Murphree et al. (1990) reported discrete auroral forms at 
high northern latitudes occuring predominantly during posi- 
IMF Bz>O 
Introduction 
It is believed that reconnection between the geomagnetic 
and interplanetary magnetic fields (IMF) can occur in two 
major modes corresponding, roughly, to southward- and north- 
ward-pointing IMF, respectively. In the latter case, depicted 
in Figure 1 reconnection occurs at high latitudes between the 
IMF and geomagnetic field lines tailward of the cusp (so cal- 
led ,,lobe reconnection"). 
This paper focuses on the auroral signature of this mode. 
Models of lobe reconnection have been discussed 
among others, by Dungey (1963), Russell (1972), Maezawa - 
(1976), Mc Diarmid et al. (1980), Crooker (1979), Cowley 
(1982), Reiff and Burch (1985) and Crooker (1988). 
Experimental evidence for the occurrence of lobe recon- 
nection has been obtained from (a) in situ spacecraft data 
during magnetopause crossings at high latitudes (Gosling et 
al., 1991), (b) polar cap convection patterns (e.g. Maezawa, 
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Figure 1. Reconnection geometry for positive IMF B Z (af- 
ter Gosling et al., 1991) and related plasma flow and parti- 
cle precipitation in the cusp/mantle (MA) region. The corre- 
sponding auroral form is marked by label 2 in figures 2 and 
3. Dashed arrow mark the direction of plasma flow. 
1725 
Figure 1.19: An example of lobe reconnection at the terrestri l magnetosphere during
positive BZ of the IMF. The magnetosheath plasma enters through the cusp/mantle region
labelled ‘MA’. Taken from Sandholt et al. (1996).
be seen. A twin cell convection pattern occurs where newly opened field lines move
with the solar wind flow across the middle of the polar cap (region of open flux).
The return flow of the newly closed field lines occurs on the outside of the polar
cap.
The system of field-aligned currents which link the ionosphere, the inner mag-
netosphere and the magnetopause are also shown in panel a. The system approx-
imately forms two rings in the polar ionosphere. The poleward ring (Region 1)
links the currents associated with the magnetopause and the magnetotail to the
ionosphere, and flows upward from the planet on the dusk side and downward into
the planet on the dawn side. The equatorward ring (Region 2) links the ionosphere
to the partial ring current (in the inner magnetosphere). These currents in the
magnetosphere are shown in panel b of Figure 1.18. Region 1 and 2 currents are
closed through Pedersen currents in the ionosphere, which flow in the direction of
the electric field labelled ‘E’ (in panel a). The Pedersen currents across the polar
cap (those linking Region 1 currents) are much smaller than those flowing in the
auroral zones (i.e. the currents linking Region 1 with Region 2) (e.g. Coxon et al.
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2014).
When the IMF is parallel to the planetary magnetic field, reconnection does not
occur on the dayside, however the IMF is anti-parallel at a location anti-sunward
of the cusp, and reconnection can occur in the lobes, either in one hemisphere or in
both (e.g. Gosling et al. 1991; Øieroset et al. 1997). An example of lobe reconnection
can be seen for the terrestrial case in Figure 1.19, where an IMF-line has reconnected
with a lobe magnetospheric field line, that then proceeds to move equatorward where
plasma can enter the cusp/mantle region (labelled ‘MA’).
The Dungey cycle is driven by reconnection due to the magnetosphere’s inter-
action with the solar wind, and is the main driver of magnetospheric dynamics at
the Earth.
1.5.3 The Vasyliu¯nas Cycle
The level of significance of the Dungey Cycle at Jupiter and Saturn is still contested.
Earth is a slowly rotating magnetosphere in comparison to Jupiter and Saturn. The
Vasyliu¯nas Cycle attempts to describe the plasma flow and role of reconnection
in a faster rotating magnetosphere such as Jupiter. Jupiter has a large stretched-
out magnetodisk. As field lines and plasma rotate around the magnetosphere, the
field lines are compressed at the dayside magnetopause. However once they rotate
towards dusk and the tail, the lines are allowed to stretch and expand tailwards.
This is shown in the right-hand panel of Figure 1.20. The left panel shows the
equatorial view, and the right panel shows the view from dusk of the magnetic
field configuration. It can be seen that the field line has stretched between the
configuration at 1 and 2.
The part of the flux tube near the planet rotates at a rate closer to that of
the planet in comparison to the part which is further out. This can be seen in
the bending of the field lines in the left panel. This effect, combined with the
elongation of the flux tube causes instabilities to form, as seen by the field lines 2
and 3. Plasmoids form as ‘loops’ of magnetic field inside the last closed field line,
and cannot be released. Eventually at 4, the last closed field line reconnects at the
‘Magnetic-X-line’ and the plasmoid is finally allowed to be released down the tail.
This cycle was first proposed by Vasyliu¯nas (1983).
The plasma and field line dynamics of Saturn’s magnetosphere is suggested to
be driven by a mix of both the Dungey Cycle and the Vasyliu¯nas Cycle. This will
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Figure 1.20: A sketch of the Vasyliu¯nas Cycle. On the left is a sketch of the equatorial
view of the magnetosphere with plasma flow labelled and with lines numbered 1−4. On the
right are the magnetospheric configurations representing what 1−4 look like as if viewed
from dusk (Vasyliu¯nas 1983)
be explained in more detail later.
1.5.4 Differences between Planetary Magnetospheres
Most of the previous concepts have been discussed in terms of the Earth, however
they also apply to other magnetised planets. All the other planetary magnetospheres
have a magnetopause and a bow shock. However there are some differences between
the planetary magnetospheres. The main difference concerns their size. Jupiter and
Saturn have by far the largest magnetospheres, whilst Mercury has the smallest (see
Fig. 1.21).
The magnetospheres vary in size due to two reasons. Firstly, the strength
of the planetary magnetic moment (as well as any contributing magnetic fields
from a ring current) will influence the size of the magnetosphere. The subsolar
magnetopause occurs at the point where the solar wind dynamic pressure is equal to
the magnetospheric magnetic and thermal pressures. Therefore, a stronger magnetic
field results in the magnetopause being pushed further into the solar wind, causing a
larger magnetosphere. Secondly, the solar wind dynamic pressure decreases radially
outwards from the Sun, resulting in a planet with a given magnetic field structure
having a larger magnetosphere the further it is away from the Sun (see Table 1.2
for a comparison of properties between Earth, Jupiter and Saturn).
In Table 1.2, we can see that the plasma sources at Jupiter and Saturn are
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Table 1.2: Magnetospheric properties of Earth, Jupiter and Saturn compared, taken from
Dougherty et al. (2009)
Parameter Earth Jupiter Saturn
Heliocentric distance (AU) 1 5.2 9.5
Typical solar wind ram pressure (nPa) 1.7 0.07 0.015
Magnetic moment (Tm3) 7.75 x 1015 1.55 x 1020 4.6 x 10 18
Typical Bow Shock distance ∼13 RE ∼170 RJ ∼27RS
Typical magnetopause distance ∼10 RE ∼90 RJ ∼22 RS
Magnetospheric Plasma sources (kg/s) ∼1 ∼103 ∼300
Equatorial rotation period (hours) 23.934 9.925 10.53
several orders of magnitude larger than at Earth. This is because Jupiter and
Saturn have volatile moons that contribute to the plasma source within the magne-
tosphere. At Jupiter, the volcanic moon Io is a major source of plasma (e.g. Spencer
and Schneider 1996). This forms a plasma torus, which adds another aspect to the
structure and dynamics at Jupiter’s magnetosphere. At Saturn the moons Ence-
ladus, Dione and Tethys are icy and produce a neutral torus, which is the E-ring
(Saur et al. 2008). This is ionised to produce the E-ring plasma torus. At Jupiter
the mass loading is localised near Io’s orbit whilst at Saturn it is more evenly dis-
tributed. Another feature seen from Table 1.2 is that the giant planets are fast
rotators which has an effect on the dynamics of the magnetosphere, causing the
formation of a magnetodisk. The fast rotation of Jupiter and Saturn also results
in the magnetic field lines in the lobes being twisted (e.g, Isbell et al. 1984; Milan
et al. 2005).
This concludes the general introduction to magnetospheres. The next chapter
will explain in more detail the physics and characteristics of the terrestrial cusp
which has been the subject of extensive observation.
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Figure 1.21: A diagram comparing the various sizes of the magnetospheres. Clockwise
from top left are: Mercury, Earth, Saturn and Jupiter. The sheer size of Jupiter’s magne-
tosphere can be marvelled at with it being much larger than the Sun (Bagenal and Bartlett
2015).
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Earth’s Magnetospheric Cusps
The first idea of the magnetospheric cusp was postulated by Chapman & Ferraro in
the paper A new theory of magnetic storms in 1931. They postulated that within the
magnetosphere there would be a pair of magnetic ‘null’ points, one in the northern
hemisphere, and one in the southern. They labelled these points the ‘horns’ shown
in the left panel of Figure 2.1, labelled ‘Q’. These are now called the cusps and a
more updated diagram with the location of them inside the magnetosphere can be
seen in the right panel labelled ‘C’. The magnetic funnel-shaped region of the cusp
is always present due to the geometry of the field lines in a magnetosphere. How-
ever the direct entry of solar wind plasma into this region occurs via the process of
reconnection between the IMF and closed magnetospheric field lines. Consequently,
the observation of the cusp is usually in regard to the observed (injected solar wind)
plasma in the high latitude dayside magnetosphere from the reconnection site. As
a result, reconnection is a process that adds open flux to the magnetosphere in
addition to being a driver of plasma flow and dynamics. Therefore the cusps are
important to study as they are a source of direct entry of matter, energy and mo-
mentum into the magnetosphere as well being a proxy for the study of reconnection.
Much of the research which has been carried out on the topic of the cusp has been
done in regard to the Earth, which this chapter will now summarise.
The magnetic field lines that thread through the cusp map to the ionosphere.
Therefore the cusp is a means for direct entry of plasma into the magnetosphere
and also the ionosphere. The cusp maps to a very narrow region on the ionosphere,
however it extends to a wide range of latitudes and longitudes at higher altitudes.
The polar cap is a region poleward of the cusp (at higher latitudes).
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Figure 2.1: Left: A diagram of the first concepts of the magnetosphere which implicitly
introduced the ideas of two magnetic ‘null points’ that Chapman and Ferraro (1931a,b)
called the ‘horns’ (labelled Q) which we now call the cusps. Right: An updated schematic
of the cusps in the magnetosphere showing a cross-section of the Earth’s magnetosphere,
from noon to midnight. The Sun is on the left, and the IMF carried by the solar wind (SW)
has a southern orientation. The inner dashed line is the magnetopause and the outer dashed
line is the bow shock. In between is the mangetosheath (MS). The magnetic field lines of
the planet reconnect with the IMF at ‘X’ and open and closed field lines are labelled ‘o’ and
‘c’ respectively. The cusp (C) occurs due to reconnection (Smith and Lockwood 1996).
Until the first observations of plasma occurrence in the polar magnetosphere
by the satellite Imp 5, the possibility of a high-latitude cusp region was debated and
this was labelled the ‘zone of confusion’ (Axford and Hines 1961). This confusion
ended with the paper Plasma in the Earth’s Polar Magnetosphere (Frank 1971).
In the paper the author attempts to answer a very simple question: can plasma
enter the magnetosphere through Chapman & Ferraro’s proposed magnetic neutral
points?
The observations showed an increase in proton intensities in the cusp which
are comparable to the magnetosheath, see Figure 2.2. This occured at a magnetic
latitude of 68◦, an L shell value of L ' 40 and a radial distance of ∼35 000km. It
can also be seen that the polar cap region is observed to be completely empty of
all particles (within the detection limit of the instrument). Frank (1971) examined
11 consecutive passes of the cusp with Imp 5, and reached the conclusion that the
polar cusp (as a magnetic funnel shaped structure) is a permanent feature, and not a
61
Figure 2.2: An inbound pass of Imp 5 through the polar magnetosphere, passing through
the magnetic cusp. The magnetic cusp can be seen by the sharp peak of protons at 35000
km (Frank 1971).
transient one. Furthermore, since the cusp occurs at various local times (a couple of
hours either side of noon), then the cusp field lines intersect with the magnetopause
not at a single point, but along a line of an approximate length ∼ 1RE .
The observations also showed that the width of the cusp increases the further
away from Earth the satellite is. The open-closed boundary was found to be at Λ
=79◦. The position of the cusp was found to be variable and dependent on the solar
wind interaction with the magnetosphere.
Frank (1971) compares the proton energy spectra of the distant cusp (a radial
distance of ∼10 RE from the planet) and mid-altitude cusp (∼6 RE) to that of the
magnetosheath. At the distant cusp the energy spectrum of the protons is the same
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as the magnetosheath, however at the mid-altitude cusp the lower energy protons
are depleted.
Further observations were undertaken by the soft particle spectrometer (SPS)
onboard the Isis 1 satellite, which also observed the polar magnetosphere. Heikkila
and Winningham (1971) reported fluxes of low-energy (<1 keV) electrons and pro-
tons observed in the daytime high-latitude region of the magnetosphere. They also
reported that the electrons experience a sharp cutoff at high energies. The energy
spectrum at the cusp peaks at 100-200 eV, which was shown to be similar to those
observed in the magnetosheath. The data from Isis 1 was compared to Imp 5 obser-
vations of the cusp, and both were found to be in agreement with one another. It was
concluded that the observed particle flux in the cusp is mostly of solar wind origin
and that the shape of the cusp is not axially symmetric, but more wedge-shaped.
In 1968, the satellite Ogo 5 observed the cusp during a magnetic storm (Russell
et al. 1971). During these observations the cusp was observed at lower magnetic
latitudes such as 43◦. This is due to an increased reconnection rate occurring at
the magnetopause causing increases in erosion of dayside magnetic flux, and thus
causing the cusp to move equatorwards. Diamagnetic depressions were measured by
the magnetometer whilst in the cusp. The diamagnetic depression coincided with
increased fluxes of high energy electrons (≤50 keV), something that was not previ-
ously observed. The high energy electrons however did not account for the ‘missing’
magnetic pressure during the magnetic depression. Russell et al. (1971) assumed
that the high energy electrons would be accompanied by high energy protons, which
would account for this energy discrepancy.
Confusion arose when another region was discovered which occupied a wide
swathe of local times, and was located slightly equatorward of the cusp. This area
was coined the ‘cleft’ (Heikkila 1972), a term used for the topological boundary of
a closed field line. However others argued that direct magnetosheath precipitation
into the low altitudes was more likely to occur at a narrow region at noon and
not local times outside this range (Paschmann et al. 1976; Haerendel et al. 1978).
Heikkila (1985) argued that the cusp was a sublayer of the cleft, occurring slightly
more polewards and at noon. The cusp and cleft were used interchangeably for many
years, and no real distinction between the two was made until the late 1980’s. It
was shown that the precipitation of magnetosheath plasma at low altitudes occurred
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very close to noon local time, and that this was the cusp layer. The cleft was the
high latitude extension of the low latitude boundary layer, with higher energies and
lower fluxes, just equatorward of the cusp and at large ranges of local times (Newell
and Meng 1988, 1989). The two regions are distinguishable due to their different
particle energy distributions.
2.1 Energy-Latitude Dispersions − “Velocity Filter Ef-
fect”
After reconnection occurs at the magnetopause, particles are able to access the
magnetosphere from the magnetosheath whilst the magnetic field line is connected
between the two. The properties of the injected particles change as the field line
convects poleward and anti-sunward. Ions in the magnetosheath tailward of the
cusp will have a larger bulk flow velocity in comparison to their thermal velocities.
This results in the ions travelling anti-sunward, and not entering the magnetosphere
on open field lines tailward of the cusp. Electrons will flow with the ions in order
to maintain quasi-neutrality in the plasma, and so also do not enter tailward of the
cusp.
This causes the cusp precipitation to only be seen at certain latitudes, and
causes it to be characterised into different “layers” in decreasing levels of pre-
cipitation - from the cusp, to the mantle and the polar cap (where there isn’t
any precipitation occurring). The mantle is a region just poleward of the cusp,
where lower density plasma is observed travelling anti-planetward along the mag-
netospheric field line, representing particles that have mirrored and are travelling
tailward (e.g. Rosenbauer et al. 1975; Newell et al. 1991; Onsager et al. 1993)
Upon reconnection, particles enter the newly opened field line from both the
magnetosheath and the magnetosphere as indicated by the two large arrows in Fig-
ure 2.3. The two field lines that reconnect are labelled S1 and S2 (for separatrix
between the magnetosphere and the magnetosheath). Ions and electrons are accel-
erated by the process of magnetic reconnection into the region and the boundaries
labelled E1, E2 and I1, I2 are where a spacecraft would observe the electron and
ion edges respectively. The electron edge E2 (in comparison to I2) is closer to the
open-closed-field-line boundary due to the electrons having a higher field-aligned
velocity than the ions (due to their lower mass). However both ions and electrons
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Figure 2.3: An illustration showing the different injection regions of particles occurring at
the magnetopause during reconnection. S1 and S2 form the two magnetic field lines that
are reconnecting (currently). Particles from the magnetosphere and the magnetosheath are
entering. The shaded lines outline the regions were the ions and electrons (I and E) have
accessibility (adapted from Gosling et al. 1990a).
drift at the same E×B velocity, in a direction perpendicular to the field.
The particles that are injected have different energies (differing velocities). This
means that particles with two different energies will have a different time-of-flight
along a field line. As a result, a particle with a higher energy will reach a position on
the field line earlier (in time) than the lower energy particle. As the field line convects
poleward, the position on that field line will be at a lower latitude for the higher
energy particles. This results in lower energy particles reaching higher latitudes
later (in time) along the field line than the higher energy particles. Therefore the
particles become dispersed amongst different latitudes. This gives rise to the velocity
filter effect (Shelley et al. 1976; Hill and Reiff 1977; Lockwood et al. 1994) that is
observed by a spacecraft, an example of which can be seen in Figure 2.4. A spacecraft
that is moving through the cusp from lower to higher latitudes will see an energy-
latitude dispersion in the ions, whereby the higher energy ions are observed at lower
latitudes. This means that higher energy ions would be seen at the ion edge I2 in
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Fig. 1. Example of dispersed cusp under Southward IMF. From
top to bottom: ion time-energy spectrogram, number density and
convection velocity in GSM from Cluster-CIS.
– Type 2: reverse dispersed cusps. Those cusps show
dispersions with high-energy ions at high latitudes and
lower-energy ions at lower latitude. They are typically
expected for northward IMF (lobe reconnection) when
the convection is sunward in the cusp (Fig. 2).
– Type 3: discontinuous cusps. We define discontinuous
cusps as having at least two components in the ion spec-
trogram, among which at least one clear large-scale dis-
persion (Fig. 3). This category will particularly draw
our attention, as it is there that we expect cases of dou-
ble cusps.
– Type 4: irregular cusps. We will consider a cusp cross-
ing as irregular basically when it won’t fit in any other
categories. A priori, those cusps will be highly variable
and structured. We can foresee that they will occur un-
der highly variable IMF (Fig. 4).
– Determining the prevailing IMF.
In order to have the applicable IMF for each crossing, we
have used the magnetic field instrument (MAG) and the solar
wind plasma instrument (SWE) on board the ACE spacecraft.
The propagation time from ACE to Cluster is first roughly
estimated by dividing the solar wind bulk velocity by the
 
Fig. 2. Example of dispersed cusp under Northward IMF (reverse
dispersion). From top to bottom: ion time-energy spectrogram,
number density and convection velocity in GSM from Cluster-CIS.
distance between L1 and the dayside magnetosphere. When
necessary, we check this lag by comparing ACE data to ei-
ther Geotail data when suitably positioned in the near-Earth
upstream solar wind or to ground instruments. Based on this,
we sort any given cusp crossing among four classes of IMF
behaviour:
a) Steady southward IMF during the whole cusp crossing.
b) Steady northward IMF during the whole cusp crossing.
c) Rotating IMF. This behaviour is chosen when one given
change in the IMF orientation is clearly identified as occur-
ring during the cusp crossing and as being responsible for a
cusp discontinuity (presumably due to the motion of the lat-
ter).
d) Highly variable IMF. Some of the cusp crossings we
found occur under very variable IMF to such an extent that
we cannot isolate the IMF turning(s) responsible for the
change(s) in cusp morphology
3 Statistics of cusp morphologies
Out of 261 cusp crossings, 100 exhibit a normal dispersion
(Type 1), 25 a reversed dispersion (Type 2), 62 are classi-
fied as discontinuous (Type 3) and 74 as irregular (Type 4).
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d) Highly variable IMF. Some of the cusp crossings we
found occur under very variable IMF to such an extent that
we cannot isolate the IMF turning(s) responsible for the
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3 Statistics of cusp morphologies
Out of 261 cusp crossings, 100 exhibit a normal dispersion
(Type 1), 25 a reversed dispersion (Type 2), 62 are classi-
fied as discontinuous (Type 3) and 74 as irregular (Type 4).
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Figure 2.4: An example of an ion energy-latitude dispersion observed by one of the Cluster
spacecraft (adapted from Pitout et al. 2009).
Figure 2.3, and lower energy ions would be seen at higher latitudes than I2 (i.e.
more time needs to pass before lower energy ions appear at a particular point on
the convecting field line).
Reiff et al. (1977) explored two possibilities for the existence of cusps: the
process of reconnection and cross-field diffusion. It is accepted that magnetic recon-
nection is the reason for plasma injection into the cusp. Reiff et al. (1977) found
that reconnection is the more significant process of the two (occurrence frequency of
up to 80%). They observed that at altitudes of 1000 km, the cusp has a latitudinal
width of a few degrees which is significantly larger than the gyroradius of a typical
cusp proton. This observation led to their conclusion that this type of structure is
a product of magnetic reconnection injection (see the right panel of Figure 2.5).
Figure 2.5 (left side) is a good representation of the velocity filter effect, where
the dashed lines repr sent ions of different energies. Reiff et al. (1977) propose that
since an ion energy dispersion is seen, the size of the injection region at the point of
reconnection must be less than or comparable to the distance that the ions travel
Figure 2.5: On the left: an open-model magnetosphere illustrating how higher energy
ions mirror earlier after injection (with the dashed arrows representing ions of two different
energies). On the right: a closed-model magnetosphere illustrating the ions during cross-
field diffusion (Reiff et al. 1977).
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from the reconnection region to the place of observation.
At Earth, electron dispersions are not observed because the difference in time
of flight between different typical energies of electrons is negligible. The energy and
observation time is related by the following equation (Lockwood et al. 1995):
dn(m/2En)
1
2 = ts − (t0 + tn) = ts
(
VS
VC
)
− tn (2.1)
If reconnection occurs at a time t0 and the newly opened field line moves pole-
ward, the field line reaches a point Pn on the magnetopause where plasma is injected.
The time taken for this to occur is a time tn after reconnection occurs. If ions are
observed at a time ts then the time of flight T is equal to the arrival time minus the
combined time of reconnection and the time taken to inject the plasma at the point
Pn. The field-aligned distance from Pn to the spacecraft is dn. En is the energy
of the ion, and m is the mass of the ion. The right hand side takes into account
VC and VS which are the convection and satellite speeds normal to the open-closed
boundary.
This is derived by calculating the poleward distance the field line has moved
(i.e. for the case where injection site Pn is also the reconnection site) which is
VC(ts − t0). It should be clarified that the time of reconnection t0, is not the start
time (i.e. t = 0) in this model. This means that the distance the field line has moved
since reconnection would be equal to the distance the spacecraft has travelled from
t = 0 until the observation time ts, so Vsts. Equating these two distances and
substituting for (ts− t0) (into the middle of Equation 2.1) produces the right hand
side of Equation 2.1.
The dispersions have a range of energies which shows that there are a range of
locations along the magnetopause from where the ions are injected whilst the field
line is convecting (Onsager et al. 1993; Lockwood and Smith 1993). This also reveals
that the cause for the entry of magnetosheath particles into the magnetosphere oc-
curs due to reconnection and not because of the minimum magnetic field associated
with the cusp’s location.
The idea of ‘pulsed’ or ‘bursty’ reconnection driving the cusp observations led
to the idea of a pulsating cusp model (Smith and Lockwood 1990), which would
produce multiple consecutive dispersions to be observed with energy jumps (Smith
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et al. 1992), as well as ionospheric signatures (Lockwood et al. 1993). Other multiple
dispersions were reported to have a spatial explanation rather than a temporal one
(Newell et al. 1991). Using the same data as Newell et al. (1991), it was shown
that the jumps in energy in the spectrograms were due to changes in reconnection
rate, specifically three pulses of reconnection occurring approximately ten minutes
apart (Lockwood and Smith 1992). The pulsating cusp model is also supported by
other high latitude observations (e.g. Escoubet et al. 1992; Onsager et al. 2001) as
well as magnetopause observations of flux transfer events (e.g. Russell and Elphic
1979; McWilliams et al. 2004). The different morphologies of dispersion ‘steps’ in
the data were outlined by Lockwood and Smith (1994), and are now described.
Figure 2.6a-d shows the associated step signature of ion dispersions expected
under different conditions for a spacecraft travelling polewards in the mid altitudes.
VC and VS are the velocities of the convecting field line and the spacecraft respec-
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speed Vc and the speed of the open/closed boundary motions 
due to both erosion and compression, Vb. At yet greater 
altitudes, Vs becomes maller than the other two velocities. In 
this section we discuss the increased complexity of the 
signatures which result if the magnetic reconnection rate is 
not steady. We consider all the velocities to be normal to the 
ope•¾clos d boundary. h• a generaliz d thre -d mensional 
case the relevant velocities will be the component normal to 
the open/ losed botmdary, provided that there are no vari- 
ations along the boundary. Positive values are considered to 
be away from the open/closed boundary, on the open side of 
that boundary. 
Figure 10 predicts the behavior of the minimum cusp ion 
energy Eic. At midaltitudes this is the minimum energy 
observed at zero pitch angle, (i.e., at the point of the charac- 
teristic V form in ion spectrograms, see section 5.3). Vari- 
ations of Ei• with time of observation (t•) are shown for 
various cases when the recom•ecfion is completely pulsed 
(a/b = 0). Figure 10a is for the special case when V• is 
identical to V•, such that the satellite remains on the same 
open flux tube. h• this special case the ion energy ramps 
down as it would for steady state conditions; that is, it is 
independent of the recoxmection rate and its variations. h• 
this case therefore the cusp ion spectrogram yields no 
information on the reconnection rate. In Figure 10b, Vs >> 
V•, as for a low-altitude satellite moving away from the 
open/closed field line boundary. This situation will be 
Log•0 
b 
c Vs(Vc v• ) Vc- (Vco-V•o) 
relatively rare at middle altitudes, where generally V, < V•. 
Hence we would expect the form of cusp ion jumps seen at 
low altitudes (Figure 10b) to be rare at midaltitudes. 
Figures 10c and 10d shows situations which will apply 
more frequently at midaltitudes (near apogee for satellites 
such as Viking and DE 1), where V• < V•. In such cases the 
convection carries a cusp ion energy jump over the satellite. 
For example, in Figure 6b the satellite could initially be in 
region A but convection moves region B over it; hence in 
this example the satellite would initially be on a field line 
which was recoimected 7 rain before the time of observation 
(q-to = 7min), but the poleward convection of the field lines 
would move it onto one that was reconnected just 2 min 
before the time of observation (t,-to = 2 min). As this 
happened, Eic would jump upward, irrespective of the 
direction in which the satellite is moving. The gradient of Ei• 
away from this discontinuity depends upon the speeds V,, V•, 
and Vb. If the time of field line reconnection to varies 
relatively slowly with distance x (measured in the rest frame 
of the plasma and positive away from the open/closed 
boundary), such that the gradient of the time elapsed since 
recoimection with observation time obeys the inequality: 
d(t•-to)/dts: 1 - dto/dt•: 1 - (V•-V•)(dtJdx) > 0 (2) 
then the observed Ei• away from the upward jump will fall 
with time, as in Figure 10c. Were the left-hand side of (2) to 
be smaller than zero, then E•c would rise with time, as in 
Figure 10d. To understand the inequality (2), note that field 
lines further from the boundary (at greater x) were 
recoxmected earlier (at lower to) and hence that (dtJdx) is, by 
definition, negative and has a magnitude set by the 
reconnecfion rate. From Figure lb of Lockwood and Smith 
[1992], we note that -(dx/dto) is equil to the speed with 
which the flux tube crossed the open/closed boundary when 
it was recormected (V•o - V•o), where the additional subscript 
o denotes that these are the convection and boundary speeds 
when the field line was recoxmected (at time to). Hence (2) 
can be rearranged to give 
v, > (V,o- Vo). (3) 
d Vs (( Vc 
v• > Vc- (Vco- %0) 
t$ • 
Figure 10. Variations of the lower cutoff ion energy Eic (at 
pitch angle % = 0), as a function of observing time t, as seen 
by a midaltitude spacecraft when the reconnection is com- 
pletely pulsed (a/b = 0). (a) Vs = Vc; (b) Vs >> Vc; (c) (Vc - 
Vco + Voo) < V• < Vc; (d) V s << Vc such that (Vc- Vco + Voo) 
> V•; where V• and V• are the convection and satellite speeds 
at the time the field line is observed (t,) and V•o and V,o are 
the convection and boundary speeds at the time the field line 
was reconnected (to). All velocities are the component normal 
to the open/closed boundary and are positive away from the 
boundary on the open field line side. In Figure 10b the 
satellite moves from the region B to the region A shown in 
Figure 6b., whereas in Figure 10c and 10d the satellite moves 
from A to B. The jump is due to the satellite motion in 
Figure 10b, the convection of the boundary in Figure 10c, 
and either/both in Figure 10d. 
If this inequality holds, then the energy ramps down with 
ti•ne away from the jump. To evaluate the likelihood of this, 
we note that during a recoimection pulse the boundary erodes 
equatorward (Voo < O) [Lockwood et al., 1993b]. Hence, if the 
convection speed subsequently remains constant or increases 
(V• > V•o), then (3) must apply to any satellite moving away 
from the merging gap (V, > 0) (and it may 'also often apply 
to satellites moving toward it). However, at midaltitudes the 
boundary and convection speeds are both influenced by 
compressive motions of the magnetic field, as well as by 
reconnection, hence it is possible that (3) will not apply and 
the spectrogram will be as in Figure 10d. We conclude that 
(3) is likely to hold and hence that the signature shown in 
Figure 10c should be the most common midaltitude signature 
of pulsed recoimection. However, (3) may not always apply 
and the signature may sometimes be as in Figure 10d and 
there could even be no signature, as in Figure 10a. 
A second situation in which Figure 10d applies is for a 
low-altitude satellite which flies across the newly opened 
field lines and is approaching the open/closed boundary, as 
was discussed in the previous section. 
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Figure 6. Schematic illustration of the effects of pulsed 
reconnection on magnetospheric topology. (a) The evolution 
of any one open field line which was reconnected at a time 
to, labeled by the time t. For steady-state conditions this is 
also a snapshot of all dayside open field lines at a time t, 
each field line being labeled by it reconnection time to. (In 
both cases the elapsed time since reconnection is (t-to)). (b) 
A snapshot at time t for the case of entirely pulsed 
reconnection with reconnection taking place in the intervals 
0-2 min and 7-9 min before the time t, giving rise to two 
distinct regions of open field lines labeled B and A, respect- 
ively. Open segments of the magnetopause (RD) are shown 
as dashed, segments where the boundary normal field is zero 
(TD) are shown as solid lines. 
satellite in Figure 6a would see the quasi-steady cusp 
discussed above. However, a low-altitude satellite flying 
through the cusp in Figure 6(b) would see jumps in the cusp 
ion spectrogram because (toWs) is not a smooth function of ts. 
The ionospheric signatures corresponding to Figure 6b were 
plotted by Cowley et al. [1991b] and Smith et al. [1992]. 
Examples of such jumps have recently been reported by 
Newell and Meng [1992], Escoubet et al. [1992] and 
Lockwood et al. [1993a]. A method for evaluating the 
reconnection rate variation from the cusp ion spectrograms, 
by inverting the theory of Cowley et al. [1991b], has been 
developed by Lockwood and Smith [1992] and reveals that 
the reconnection can, at least sometimes, be entirely pulsed, 
as in Figure 6b. We conclude that both the quasi-steady (over 
periods up to about 10 min) and completely pulsed situations 
can exist. It should be emphasized that the pulsating cusp 
model can be applied to any reconnection rate waveform, 
from a constant value (the steady state limit) to discrete 
pulses of any shape with absolutely no reconnection taking 
place between them [Smith et al., 1992]. Hence the pulsating 
cusp model is a generalisation, not a contradiction, of the 
steady-state concepts of the cusp as used by Rosenbauer et 
al. [1975], Reiff et al. [ 1977, 1978], and Hill and Reiff 
[19781. 
To illustrate the effects of a pulsed reconnection rate, we 
use the waveform in Figure 7. The period of the variation is 
8 min, the average value inferred from magnetopause FTE 
I I I I I I 
Time (rain) 
Figure 7. Model variation of reconnection rate Ey. The 
pulses repeat every 8 min and the background reconnection 
rate between the pulses is a fraction a/b = 0.04 of the peak 
value of each pulse. 
observations [Rijnbeek et al., 1984; Berchem and Russell, 
1984]. (In section 6 we will make allowances for the fact 
that this period shows a broad distribution of values, up to 
about 30 min, with a mode value of 3 min [Lockwood and 
Wild, 1993]). Between the pulses, the reconnection rate is 
here taken to fall to a much smaller, but nonzero, value. 
Comparison of Figures 6a and 6b illustrates that the field 
lines between the magnetopause and the ionosphere do differ 
for a given (t-to) and hence the distance di will, i  general, be 
depen ent on the variation of reconnection ate. Here we 
neg ect this effect on di, in the same way that we do not 
allow for correspo ding effects on the RD angles, Osh and O•t ,. 
Proper allowance for these effects will require full numerical 
MltD modelling of the daysi e magn tospher , with pulsed 
anomalous resistivity introduced at th  recon ection X line, 
as done for local simulations of the magnetopause 
reconnection layer by Scholer[1988]. 
Using the equations given by Lockwood and Smith [ 1992], 
we can convert (t•-to) and the merging ap electric field Ey 
into the observation time ts. The results are shown in Figure 
8 for AlfveZn speeds of 100 km s" (solid line) and 400 km s ", 
as for the steady state case in Figure 5. The periods of low 
reconnection rate (Ey) produce the steep gradients in Eic and 
Ema, whereas the pulses of enhanced reconnection produce 
the smaller gradients. The appearance of the spectrogram is 
seen to be strongly dependent on the Alfv6n speed. For VA 
= 400 km s 'l the jumps in Ema re as large as those in Eic; an 
example of such a "staircase" cusp ion spectrogram has been 
presented by Escoubet et al. [1992]. However, the steps in 
Ema for the VA = 100 km s 'l case are much smaller than those 
in E•c and resemble those presented, for example, by 
Lockwood et al. [1993a]. Indeed, for the lower AlfveZn speed 
case, it is even possible for Em,• to jump up when E•c jumps 
down. 
The jumps in Figure 8 are less steep than those predicted 
by Cowley et al. [1991] and Smith et al. [1992], simply 
because the input model reconnection rate does not go to 
zero between the pulses. Figure 9 illustrates the effect on a 
jump in E•, of a steady background rate of reconnection (on 
which the pulses are superposed). We consider square wave 
pulses of reconnection rate, Ey, of amplitude b and with a 
steady background reconnection rate of a (as shown in Figure 
9a). When the ratio a/b is unity the reconnection is steady; 
i)!
ii)!
Figure 2.6: On the left hand side: the effec f pulsed reconnection on the magnet c field
line topology, (i) the evolution of a field line after reconnection as it travels polewards from
the time t =0 until t =9. If steady state reconnection is occurring then this the topology of
all the field lines at any given time. (ii) A snapshot f the field lines after pulsed reconnection
has occurred at time t =0-2, and at t =7-9 before t0, which creates the regions labelled A
and B. On the right hand side: the variations of the lowest energy ion cutoff of dispersions
oc urring under differe t conditions during pulsed reconnection (a) VS = VC , (b) VS  VC ,
(c) VS < VC and (d) VS  VC , where VC and VS are the velocities of the convecting field line
and the spacecraft respectively, at the time the observation takes place ts. The velocities
are poleward from the open closed field line boundary and positive. In (b) the pacecraft
observes the region B and then A as shown in (ii). Whilst in (c and d) the spacecraft
observes region A and then B (adapted from Lockwood and Smith 1994).
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tively. Both velocities are positive and in the direction normal to the open-closed
field line boundary (directed polewards). On the left there is a depiction of the topol-
ogy of the field line for when, (i) reconnection is occurring steadily, and (ii) when
there are bursts of reconnection occurring at time t = t0−(0-to-2) and t = t0−(7-to-
9), see caption. If the spacecraft is travelling at the same velocity as the field line
(i.e. the spacecraft is stationary in field line rest frame), then it observes a normal
steady dispersion (right hand side, graph a). If the spacecrafts velocity is larger
than that of the field line (b), then it overtakes the field line where it has been
observing a normal dispersion, and observes a different field line which is ‘older’
(i.e. has reconnected previously), and so the energy drops significantly. This can
be visualised with the aid of (ii) − the spacecraft exits region B, and enters A for
which reconnection had occured further back in time.
If the spacecraft’s velocity is lower than the field line’s (c), then the field line
overtakes the spacecraft this time. Due to the motion of the field lines, the spacecraft
effectively moves from region A to region B. This causes a ‘step-up’ in the energy,
as the second field line to be observed had reconnection occurring more recently,
and so the more energetic ions are still present. The final example occurs when the
spacecraft velocity is significantly smaller than the field line’s. A reverse signature
is observed, because the spacecraft is practically at rest in comparison to the large
VC , and so the leading boundary (t = t0 − 9) of region A would be observed first
with lower energies, followed by the trailing boundary (t = t0 − 7) with the higher
energies. Then the spacecraft would pass into region B, with the same step up as
the previous example.
When an energy-latitude dispersion is observed that has higher energies fol-
lowed by lower energies (spacecraft moving poleward), this is called a ‘normal-sense’
dispersion. This implies that the reconnection occurred at the dayside magne-
topause. If a dispersion is observed in the opposite direction (also with the spacecraft
moving poleward), then this means that the field line is convecting equatorward.
This is called a ‘reverse-sense’ dispersion and implies that reconnection occurred
in the lobes. Knowing the direction of the spacecraft trajectory and the sense of
the dispersion reveals the general location of the reconnection site. An example of
an irregular observation of a dispersion can be seen in Figure 2.7. A normal-sense
dispersion is observed immediately followed by a reverse sense dispersion.
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again show a sharp cutoff at the low-energy side. The cut- 
off remains at constant energy for about three spins (two 
of these are shown). Only then is a shift of the cutoff en- 
ergy toward higher energies due to the velocity filter effect 
observed. Thus again we conclude that the low-energy part 
of the spectra obtained at the equatorward edge of the ac- 
celeration region corresponds to the full low-energy part of 
the source spectrum. Again, fits to spectra obtained in the 
cusp proper (middle panel) and acceleration region (right 
panel) are performed. Two spectra obtained in the acceler- 
ation region and four spectra obtained in the cusp proper 
(the spectra obtained close to the acceleration region are re- 
duced by the acceleration region spectra) are shown. The 
cusp proper spectra, combined, are well fitted by a con- 
vecting Maxwellian with reasonable magnetosheath values. 
Furthermore, we can again infer that the source distribution 
poleward of the cusp proper is the accelerated (and slightly 
heated) cusp proper ion population. The inferred energiza- 
tion of AE ---- 0.42 keV corresponds to a particle velocity 
increase of about 285 km]s. 
We should note that the observations during this cusp 
crossing seem to be different from those on a DE 1 cusp 
crossing during northward IMF reported by Burchet al. 
[1986]. In the case presented here the energy flux of in- 
jected magnetosheath ions increases with latitude and cul- 
minates in the acceleration feature at the poleward edge of 
the cusp, whereas in the Burch et al. [1986] case the max- 
imum energy flux was apparently observed in the center of 
the cusp. However, temporal effects might have disguised 
injection features at the poleward edge. 
The encounter of magnetosheath ions at the cusp bound- 
ary, which are obviously accelerated as compared to the 
magnetosheath plasma entering in the cusp proper, is a com- 
mon phenomenon rather than an exception. We have used 
Viking meridional, poleward-bound cusp passes to investi- 
gate the IMF Bz dependence. We classified these passes into 
those with acceleration features at the equatorward edge of 
the cusp, and subsequent falling energy dispersion, indicat- 
ing antisunward convection (like in the first example), and 
those with acceleration features at the poleward edge and 
reversed energy dispersion (increasing energy with increas- 
ing latitude), indicating sunward convection (second exam- 
ple). A third class comprises cusp passes which cannot be 
ascribed unambiguously to these classes. A major part of 
these exhibit acceleration features at the equatorward as 
well as the poleward edge of the cusp, with first falling then 
rising energy dispersion. An example is shown in Figure 
3. The boundary of closed to open flux tubes, if one takes 
the loss of high-energy electrons (not displayed) as an in- 
dicator, is located equatorward of the acceleration feature 
encountered at the equatorward boundary. The convection 
is essentially directed toward dawn. Highest velocities are 
[keV] 
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again show a sharp cutoff at the low-energy side. The cut- 
off remains at constant energy for about three spins (two 
of these are shown). Only then is a shift of the cutoff en- 
ergy toward higher energies due to the velocity filter effect 
observed. Thus again we conclude that the low-energy part 
of the spectra obtained at the equatorward edge of the ac- 
celeration region corresponds to the full low-energy part of 
the source spectrum. Again, fits to spectra obtained in the 
cusp proper (middle panel) and acceleration region (right 
panel) are performed. Two spectra obtained in the acceler- 
ation region and four spectra obtained in the cusp proper 
(the spectr  obt ined cl se to t e acc leration region are re  
duc d by the a celeratio  r gion spectra) are shown.The 
cusp proper spectra, combin d, are well fitted by a co  
vecting Maxwellian with r asonable magnetosheath valu s.
Furthermore, we can again infer that the source distribution
poleward of the cusp proper is the ccele at  (and slightly 
h ated) cusp prope  ion opulation. The inferr d energiza- 
ion f AE ---- 0.42 keV corresponds to a par icle velocity 
increase of about 285 km]s. 
W  should n te that the observations during this usp 
crossing seem to be different from those on a DE 1 cusp 
cros ing during northward IMF report d by Burchet al. 
[1986]. In the as  presented here the energy flux of in- 
jected magnetosheath ions increaseswith la itude and ul- 
minates in the acceleration feature at the poleward edge of 
the cusp, whereas in the Burch et al. [1986] case the max- 
imum energy flux was apparently observed in the center of 
the cusp. However, temporal effects might have disguised 
injection features at the poleward edge. 
The encounter of magnetosheath ions at the cusp bound- 
ary, which are obviously accelerated as compared to the 
magnetosheath plasma entering in the cusp proper, is a com- 
mon phenomenon rather than an exception. We have used 
Viking meridional, poleward-bound cusp passes to investi- 
gate the IMF Bz dependence. We classified these passes into 
those with acceleration features at the equatorward edge of 
 , and sub equ nt falling nergy dispersion, indicat
ing antisunward convection (like in th  first example), and 
t ose with acceleration featur s at the poleward edge and 
reversedenergy dispersion (increasing nergy with increas- 
ing latitude), i dicating sunward convection (second exam
ple). A third class c mprises cusp passes which canno  b
ascribed unambiguously to these classes.A major part of 
these exhibit acceleration features at the equatorward as 
well asth  polew rd edge of the cusp,with first falling then 
rising energy dispersion. An example s s own in Figure 
3. Th boundary of cl sed o open flux tubes, if on  takes 
t loss of high-energy electrons ( ot displayed) as an in- 
dicator, is located equatorward of the acceleration feature 
encountered at the equatorward boundary. The convection 
is essentially directed toward dawn. Highest velocities are 
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Figure 2.7: Observations from the Viking pacecraft th t observed the terrestrial cusp.
A normal-sense dispersion is observed first followed immediately by a reverse dispersion
(adapted from Woch and Lundin 1992).
2.1.1 Temporal and spatial cusp dispersion structures
Energy-latitude dispersions observed in the cusp can be characterised into two
groups of structures; temporal and spatial. A structure can be temporal due to
the change of a process during the time of the observation. A spatial structure
could be due to a feature that is moving relative to the spacecraft. Ambiguities
arise in the observations and it is important to discover what the underlying cause
is.
As an example, the observation presented in Figure 2.7 could be a spatial
or a temporal structure. If it is a temporal structure this means that subsolar
reconnection was occurring and halfway through the observation it stopped, and
lobe reconnection started. If this is a spatial structure then subsolar and lobe
reconnection were occurring at the same time and the spacecraft passes from one
region to another. Another unlikely scenario is that it is a spatial structure with a
large VC that caused the region to pass over the spacecraft, and a similar observation
is made to a hybrid of Figure 2.6c and d.
In order to determine which is the cause, multiple spacecraft are required to
pass through the cusp at the same time but at different locations. If the spacecraft
observe the same structures at similar times then it is a temporal structure. If the
spacecraft don’t observe the same structures, then the structure is spatial. These
structures have been studied in detail with the Cluster mission (e.g. Wing et al. 2001;
Trattner et al. 2002, 2005, 2008; Escoubet et al. 2006). However, this thesis focuses on
single spacecraft observations and therefore the spatial-temporal ambiguities cannot
be resolved.
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Fig. I. Energy-time spectrograms for electrons and positive ions measured perpendicular tothe DE-I spin axis on Sep- 
tember 29, 1981. 
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the neighborhood of 8 R E (geocentric). Injection distances beyond 
12 R E would clearly not result in the strong (E, %) dependence that 
is observed at ---4 R E by DE-1. 
As the observation point moves to lower altitudes, the model pre- 
dicts that the log E vs. a o dependence will rapidly become weaker, 
causing the disappearance of any significant 'V' shape at, for 
example, the typical DE-2 altitude of 900 km. This prediction is 
borne out by the DE-2 observations and by the fact that no other 
low-altitude spacecraft or sounding rockets have observed the 'V' 
shaped log E vs. a o relationship. 
Fig. 3 displays the computed time evolution of the log E vs. a o 
relationship for H + with an injection point at 8 R E and an obser- 
vation point at 4 R E. All the curves in Fig. 3 have the same shape, 
with the vertical position of each curve determined only by the 
relationship vt = constant. The energy scale in Fig. 3 is arbitrarily 
truncated at just over 3 keV and at 100 eV to coincide approxi- 
mately with the high and low energy limits of the observed ion 
fluxes. Fig. 3 then allows one to trace the log E vs. a o relationship 
as a function of elapsed time after injection for an input H + spec- 
trum that falls off rapidly at energies above 3 keV and below 100 
eV. For heavier ions the elapsed times in Fig. 3 would be multiplied 
by x/M/M H +, for electrons the times would be smaller by a factor 
of 43. 
The time evolution of the log E vs. a o curves (Figs. I and 3) could 
result from the convection of cusp field lines through a restricted 
region of plasma injection or from a single impulsive injection 
event over the entire cusp. However, in the latter case, unless cusp 
ion injection is very infrequent (several minutes between injections) 
several of the curves of Fig. 3 would exist simultaneously, and the 
distinct 'V'-shaped E, a o signature would not appear. Time-depen- 
dent injection no doubt occurs (Carlson and Torbert, 1980) but, to 
be consistent with DE-I data, must be confined to a restricted injec- 
tion region located near the low-latitude edge of the cusp. 
Measurement of Mid-Altitude Flows 
The cusp velocity filter effect allows us to observe a specific 
velocity at each pitch angle. The velocity selected by the filter is 
gyrotropic, i.e., independent of gyrophase angle, if one is in the 
rest frame of the magnetic field line. If the field line is convecting 
past the spacecraft, the convection velocity adds vectorially to the 
velocity selected by the filter effect. Since each detector observes 
90 ø pitch-angle particles twice per spacecraft spin, one can con- 
struct a particle phase-space distribution for the plane perpendicu- 
lar to the magnetic field direction, and have ten independent look 
directions in that plane. Each look direction will show the velocity 
filter effect, with a peak distribution function at a specific velocity 
within the uncertainty due to the logarithmic spacing of the energy 
steps. We can then fit an offset circle to the velocity of the peak dis- 
tribution function. The magnitude of the offset gives us the locally 
measured flow velocity, and the direction of the offset yields the di- 
rection from which the plasma is flowing. The flow velocities deter- 
mined in this way at DE-I are plotted along with concurrent DE-2 
flow measurements (Heelis et al, 1981; Hanson et al, 1981) in Fig. 
4. The agreement between the two flow patterns is fairly good, con- 
Figure 2.8: Energy-time spectrograms for electrons (top panel), and ions (bottom panel).
The middle panel shows the pitch angle look direction which is changing from 0-180◦ peri-
odically. The ion energy-pitch angle dispersion can be see by the repetitive ‘V’ symbol in
the data (Burch et al. 1982).
2.2 Energy-Pitch Angle Dispersions
Burch et al. (1982) reported a ‘V’ shaped ion-energy pattern in the cusp observed
during a change of pitch angle coverage, which was observed by the DE-1 spacecraft
as is shown in Figure 2.8. For each energy-time spectrogram the electron and
ion observations are shown, with the pitch angle look direction (middle panels)
corresponding to the particle observations. In the top panels, low energy, dense
electrons are observed, similar to the magnetosheath, as one would expect. However
the ions show a ‘V’ signature which is the result of an energy-pitch angle dispersion,
where low energies are observed when the instrument looks in the 0◦ pitch angle
direction (and high energies at 180◦). In the northern hemisphere at Earth where
these observations were made, this means that the higher energy ions are travelling
anti-planetwards.
These ions observed in the cusp with anti-planetward pitch-angles (180◦ in the
northern cusp) have already mirrored at low altitudes, and therefore travelled a
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Figure 2.9: The calculated pitch angle/energy relationship for ions injected at different
radial distances Ri at the magnetic dipole line of 78
◦, and later observed at 4RE on the
same field line (Burch et al. 1982).
larger field-aligned distance from the reconnection site, compared to ions with a
planetward pitch-angle which have not yet mirrored. In order for this to occur, the
ions with an anti-planetward pitch-angle must have a higher energy so that their
parallel velocity is larger, allowing them to be observed simultaneously.
Burch et al. (1982) computed the energy dependance on the pitch angle for ions
which had different injection regions along the magnetopause. The result is that
the gradient of the dispersion is correlated to the field-aligned distance from where
the particles were injected (see Figure 2.9). The model equation that they used to
calculate the field aligned distance to the reconnection is:
E(αo, t) =
m
2t2
[ ∫ so
si
ds/
√
1− sin2αo(B(s)/Bo)
]2
(2.2)
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where ds is the arc length along a model field line, so and si are the observation
and injection points respectively, m is the particle’s mass, B(s) is the magnetic field
strength along the field line, Bo is the magnetic field strength at the observation
point, αo is the observed pitch angle, and t is the transit time of the particle from the
injection site (via the mirror point for ions that have mirrored) to the observation
point. The integration is made from the injection point via the mirror point to the
point of observation. This equation is a manipulation of the bounce time shown in
Equation 1.22.
2.3 Diamagnetic depressions
The gyromotion of high density magnetosheath plasma entering the magnetosphere
can induce a diamagnetic depression observed as a decrease in the local magnetic
field in the cusp (e.g. Erlandson et al. 1988; Niehof et al. 2008). An example of a
depression is shown in Figure 2.10, where it can be seen that as the ion flux increases
during the cusp there is a decrease in the magnetic field. These depressions have
been called cusp diamagnetic cavities (CDCs). CDCs have also been correlated to
occur during energetic particle observations, and have been named cusp energetic
particle (CEP) events (Chen et al. 1998). In this section, this final characteristic of
the cusp is described.
Chen et al. (1997, 1998) reported the observation of high energy He++ in the
cusp up to energies of 2 MeV, with the intensity peaking at 1-200 keV/q. The
intensity of this range was also anticorrelated with the depth of the magnetic field
depression in the cusp. The authors concluded that although the plasma was of
solar wind origin, the high energies of the ions were not similar to those of the
magnetosheath and therefore there must be a major acceleration region in the cusp.
CDC’s have been observed to sometimes be as big as 6 RE . Fritz et al. (2003)
observed them with >40 keV ions, which were “more typical...of radiation belt
populations than solar wind”. The CEPs however could plausibly originate from
particles accelerated at the bow shock that are then transported through to the cusp
(Trattner et al. 1999, 2001, 2003), rather than accelerated locally as was suggested
by Chen et al. (1998). However, Nykyri et al. (2011a) argue that the presence of
energetic O+ ions in the cusp is not consistent with acceleration at the bow shock.
The acceleration mechanism for CEPs observed in CDCs is still debated, with the
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to 2245 UT (77.3 to 78.8 ø MLAT), detected a 0.09 /zA/m 2 
downward-directed field-aligned current. 
A striking feature observed during this orbit was a 35 nT de- 
crease in the total magnetic field strength from 2233 to 2235 UT 
coincident with the upward-directed field-aligned current (Figure 
1). This perturbation, when transformed into an eccentric dipole 
coordinate system, was observed to be entirely in the parallel com- 
ponent (BP) (Figure 1). The decrease in the magnetic field strength 
was correlated with an intense particle flux and is interpreted as 
a diamagnetic depression caused by a large increase in the perpen- 
dicular plasma pressure. The 35 nT magnetic field strength depres- 
sion, in a main field of 1860 nT, corresponds to a 320 keV/cm 3 
decrease in the magnetic pressure. This decrease in magnetic pres- 
sure must be accompanied by an equal increase in perpendicular 
plasma pressure to maintain pressure balance. 
The hot plasma observed during this event includes ions and elec- 
trons with typical magnetosheath-like nergies (Figure 2a). The in- 
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Fig. 2. (a) Energy-time spirogram of electron and ion count rate 
versus energy (from •dr• et at., 1988). (b) The satellite floating 
ground potential, Vrs. (c) The magnetic field magffitude (•IBI). 
(d) A spectrogram of magnetic field fluctuations from 0 to 27 Hz 
•e = 28 Hz). A narrow band feature w• observed from 2233:30 
to 2234:• UT in the transverse components. 
tense flux of electrons with energies of about 100 eV from 2233 
to 2235 UT defines the region referred to as the polar cusp in this 
paper. A "V-shaped" energy versus pitch angle dispersion feature 
was observed from 2233 to 2235 UT and was probably due to an 
injection of magnetosheath plasma from a latitudinally narrow re- 
gion on dayside magnetic field lines [Burch et at., 1982]. The aver- 
age ion energy, which decreases with increasing latitude as expected 
[Burch et at., 1982], was near 800 eV around 2234 UT. 
Magnetic field perturbations up to 27 Hz are presented in an 
eccentric dipole coordinate system from 2230 to 2236 UT using a 
frequency-time spectrogram (Figure 2d). The spectrogram is com- 
posed of 128-point fast Fourier transforms. Each spectrum con- 
tains 0.5 second of data and subsequent spectra are shifted by 26 
points to provide continuity from one spectrum to the next. Broad- 
band magnetic field fluctuations were observed almost continuously 
from 2231 to 2242 UT (spectrogram not shown for entire time peri- 
od). A clear transition was observed near 2233 UT where the fluc- 
tuations increase in spectral density and extend to higher frequencies. 
The fluctuations were observed in the directions perpendicular to 
the magnetic field. In this paper, however, we discuss the narrow 
band feature observed from 2233:30 to 2234:00 UT in the frequency 
range from 18 to 27 Hz (fiq = 28 Hz). 
The power spectral density characteristics of the magnetic field 
fluctuations are shown in Figure 3 from 1 to 27 Hz. Figure 3 con- 
tains 256-point frequency spectra covering 4.8 seconds of data. A 
spectral peak in the components perpendicular to the magnetic field 
direction (BN and BE) was observed from about 18 Hz up to the 
Nyquist frequency (27 Hz). A small increase in the spectral densi- 
ty from 18 to 27 Hz was also observed in the component parallel 
to the magnetic field direction (BP). Some aliasing may have oc- 
curred, although the MFE included a low pass filter at 25 Hz to 
minimize aliasing. Polarization analysis of these magnetic field fluc- 
tuations in the BN and BE components was performed using a spec- 
tral window with 17 degrees of freedom (Figure 3). From Figure 
3 it is seen that the degree of polarization of transverse magnetic 
field fluctuations from 21 to 27 Hz was above 50ø7o. These fluctu- 
ations were left-hand elliptically polarized with an ellipticity between 
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Fig. 3. The magnetic field power spectral density from 2233:40 
to 2233:45 UT. The dashed line is an approximate background level 
determined equatorward of the dayside oval. The degree of polar- 
ization, ettipticity, and angle from north of the major axis of the 
polarization ellipse are also shown. 
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to 2245 UT (77.3 to 78.8 ø MLAT), detected a 0.09 /zA/m 2 
downward-directed field-aligned current. 
A striking feature ob erv d during this orbit was a 35 nT de- 
creas  i  the total magnetic field strengt  from 2233 to 2235 UT 
coincident with the upward-dir cted field-aligne  current (Figure 
1). This perturbation, whe  transformed into an eccentric dipol  
coordinate system, was observed to be entir ly in the parallel com- 
pone t (BP) (Figure 1). The decrease in th  mag etic field strength 
was orrelated with a  intense pa ticle flux and is interpr ted as 
a diamagnetic depressio  caused by a large increase in the perpen- 
dicular plasma pressure. The 35 nT magnetic field strength depres- 
sion, in a main field of 1860 nT, corresponds to a 320 keV/cm 3 
decrease in the m gnetic pressure. This dec ease in magnetic pr s- 
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plasma pressure to maintain pressure balance. 
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trons with typical magnetosheath-like nergies (Figure 2a). The in- 
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to 2245 UT (77.3 to 78.8 ø MLAT), detected a 0.09 /zA/m 2 
downward-directed field-aligned current. 
A striking feature observed during this orbit was a 35 nT de- 
crease in the total magnetic field strength from 2233 to 2235 UT 
coincident with the upward-directed field-aligned current (Figure 
1). This perturbation, when transforme  into an eccentric dipole 
c ordinate system, was observ  to be entirely in the parallel com- 
ponent (BP) (Figure 1). The decrease in the magnetic field strength 
was correlated with n intense particle flux and is interpreted as 
a diamagnetic depression caused by a large increase in the perpen- 
dicular plasma pressure. The 35 nT magnetic field strength de res- 
si n, i   main field of 1860 nT, corresponds to a 320 k V/c  3 
decrease in the magnetic pressure. This decrease in magnetic pres- 
sure must be accompanied by an equal increase in perpendicular 
plas a pressure to maintain pressure bala e. 
The hot plas a observed duri g this event includes ions and el c- 
trons with typical magnetosheath-like nergies (Figure 2a). The in- 
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(d) A spectrogram of magnetic field fluctuations from 0 to 27 Hz 
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to 2 34:• UT in the transverse components. 
tense flux of electrons with energies of about 100 eV from 2233 
to 2235 UT defines the region referred to as the polar cusp in this 
paper. A "V- hap d" energy versus pitch angle dispersion feature 
was observed from 2233 to 2235 UT and was probably due to an 
injection of magnetosheath plasma from a latitudinally narrow re- 
gion on daysid  mag etic field lines [Burch et at., 1982]. The aver- 
age ion energy, whic  decreases with incre ing latitude as expected 
[Burch et at., 1982], was near 800 eV around 2234 UT. 
Magnetic field perturbations up to 27 Hz are presented in an 
eccentric dipole coordinate system fro  2230 to 2236 UT using a 
frequency-time spectrogram (Figure 2d). The spectrogram is com- 
posed of 128-point fast Fourier transforms. Each spectrum con- 
tains 0.5 second of data and subsequent spectra are shifted by 26 
points to provide continuity from one spectrum to th  n xt. Bro d- 
band magnetic field fluctuations were bserved almost continuously 
from 2231 to 2242 UT (spectro ram not shown for entire ti e peri- 
od). A clear transition was observed near 2233 UT wh re the fluc- 
tuations increase in spectral density and xtend to higher frequencies. 
The fluctuations were observed in the directions perpendicular to 
the magnetic field. In this paper, howev r, we discuss the arrow 
band feature observed from 2233:30 to 2234:00 UT in th  frequency 
range from 18 to 27 Hz (fiq = 28 Hz). 
The power spectral density charact ristics of the magnetic field 
fluctuations are hown in Figure 3 from 1 to 27 Hz. Figure 3 con- 
tains 256-point frequency spectra c v ring 4.8 seconds of d ta. A 
spectral peak in the components perpendicular to the magn tic field 
direction (BN and BE) was observed from about 18 Hz up to the 
Nyquist frequency (27 Hz). A small increase in t  spectral densi- 
ty from 18 to 27 Hz was also observed in the component parallel 
to the magnetic field direction (BP). Some aliasing may have oc- 
curred, althoug  the MFE included a low p ss filter t 25 Hz to 
minimize aliasi g. Polarizati n analysis f these magnetic field fluc- 
tuations in the BN and BE components was p rformed using a spec- 
tral window with 17 degrees of fr edom (Figure 3). From Figure 
3 it is seen that the egree of polarization of transverse m gnetic 
field fluctuations from 21 to 27 Hz was above 50ø7o. These fluctu- 
ations w re left-hand elliptically polarized with an ellipticity between 
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to 2245 UT (77.3 to 78.8 ø MLAT), detected a 0.09 /zA/m 2 
downward-directed field-aligned current. 
A striking feature observed during this orbit was a 35 nT de- 
crease in the total magnetic field strength from 2233 to 2235 UT 
coincident with the upward-directed field-aligned current (Figure 
1). This perturbation, when transformed into an eccentric dipole 
coordinate system, was observed to be entirely in the parallel com- 
ponent (BP) (Figure 1). The decrease in the magnetic field strength 
was correlated with an intense particle flux and is interpreted as 
a diamagnetic depression caused by a large increase in the perpen- 
dicular plasma pressure. The 35 nT magnetic field strength depres- 
sion, in a main field of 1860 nT, corresponds to a 320 keV/cm 3 
decrease in the magnetic pressure. This decrease in magnetic pres- 
sure must be accompanied by an equal increase in perpendicular 
plasma pressure to maintain pressure balance. 
The hot plasma observed during this event includes ions and elec- 
trons with typical magnetosheath-like nergies (Figure 2a). The in- 
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Figure 2.10: An example of a magnetic field depression during a cusp observation. In the
top two panels are spectrograms of electron and ion observations respectively. In the bottom
panel is the the magnetic field magnitude (adapted from Erlandson e al. 1988; Andre et al.
1988).
discussion focused solely on the origin on the CEPs.
A survey of observations from the Polar spacecraft (Zhou et al. 2000) formed
the basis of investigating the diamagnetic depressions in correlation to low energy
plasma with ion temperatures of ∼100 eV. Zhou et al. (2001) found that the dia-
magnetic pressure deficit (i.e. the pressure associated with the decrease in magnetic
field strength) was greater under larger solar wind dynamic pressures at the mag-
netopause. The solar wind dynamic pressure was calculated as a function of the
angle between the magnetopause normal and the Sun direction. Since the dynamic
pressure was dependant on this angle, when the dipole was tilted away from the Sun,
the angle (between the magnetopause normal and the Sun direction) was larger and
consequently the solar wind dynamic pr ssure and the resulting cusp magnetic de-
pression were both smaller (Zhou et al. 2001). Therefore a correlation between the
depression magnitude and this ngl was found.
The authors also found that the depression was greatest at local times of 11−13
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2.4 Solar wind parameters distributions
Our statistics are based on a large number of orbit points and
solar wind conditions (25 427 orbit samples, so the number
of solar wind conditions is 5 times smaller). In Fig. 2 we
display the distributions of the number of orbit samples as
a function of the solar wind dynamic pressure (top left-hand
side histogram), Dst index (top right), IMF “clock” angle
(CA= tan 1(By/Bz) in GSM) (bottom left) and IMF “gar-
den hose” angle (tan 1(By/Bx) in GSM) (bottom right).
The distribution of the dynamic pressure is determined
from averages over bins of 0.2 nPa. It shows a peak at low
pressures, about 1–2 nPa, and it is characterized by a quite
sharp tail and the number of samples above 6 nPa is very low
(all events above 10 nPa have been removed from the statis-
tics). This distribution appears quite typical, as well as that of
theDst index, shown in the top right-hand side histogram of
Fig. 2. The latter is basically centered about slightly negative
values and shows quite sharp tails. The solar wind dynamic
pressure and geomagnetic conditions used in this survey are,
on average, relatively quiet.
The clock angle and garden hose angle show m re co -
plex distributions (the averages are made for bins of 10 ).
Two major peaks are observed in both distributions; these
are broadly centered in the intervals 45 <CA<90  and
 135 <CA< 90  for the clock angle. Those peaks are
seen near 45  and 135  in the case of the garden hose angle.
This behavior is well known and attributed to the preferential
spiral configuration of the IMF in the ecliptic plane (Parker,
1958). In general, the number of samples is always high,
and in the case of southward and northward IMF orientations
discussed later, the intervals used have significant statistics.
To investigate the possible effects of the IMF orienta-
tion on the cusp flows (Sect. 3.4), we will present distri-
butions that arise from the use of restricted IMF clock an-
gle ranges, namely, the distributions referred to as south-
ward (northward) IMF correspond to distributions of orbit
points that occurred during conditions of IMF clock angle
|CA|>120 (<60 ).
3 Results and discussions
In this section, we present and discuss the results of our sta-
tistical study. First, in Sect. 3.1 we show the overall magnetic
fi ld configuration of the high-altitude cusp, and compare the
results with the T96 model field. We then determine the den-
sity and temperature distributions in Sect. 3.2. Combined
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of solar wind conditions is 5 times smaller). In Fig. 2 we
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side histogram), Dst index (top right), IMF “clock” angle
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The distribution of the dynamic pressure is determined
from averages over bins of 0.2 nPa. It shows a peak at low
pressures, about 1–2 nPa, and it is characterized by a quite
sharp tail and the number of samples above 6 nPa is very low
(all events above 10 nPa have been removed from the statis-
tics). This distribution appears quite typical, as well as that of
theDst index, shown in the top right-hand side histogram of
Fig. 2. The latter is basically centered about slightly negative
values and shows quite sharp tails. The solar wind dynamic
pressure and geomagnetic conditions used in this survey are,
on average, relatively quiet.
The clock angle and garden hose angle show m re co -
plex distributions (the averages are made for bins of 10 ).
Two major peaks are observed in both distributions; these
are broadly centered in the intervals 45 <CA<90  and
 135 <CA< 90  for the clock angle. Those peaks are
seen near 45  and 135  in the case of the garden hose angle.
This behavior is well known and attributed to the preferential
spiral configuration of the IMF in the ecliptic plane (Parker,
1958). In general, the number of samples is always high,
and in the case of southward and northward IMF orientations
discussed later, the intervals used have significant statistics.
To investigate the possible effects of the IMF orienta-
tion on the cusp flows (Sect. 3.4), we will present distri-
butions that arise from the use of restricted IMF clock an-
gle ranges, namely, the distributions referred to as south-
ward (northward) IMF correspond to distributions of orbit
points that occurred during conditions of IMF clock angle
|CA|>120 (<60 ).
3 Results and discussions
In this section, we present and discuss the results of our sta-
tistical study. First, in Sect. 3.1 we show the overall magnetic
fi ld configuration of the high-altitude cusp, and compare the
results with the T96 model field. We then determine the den-
sity and temperature distributions in Sect. 3.2. Combined
Figure 2.11: The spatial distribution of the diamagnetic depression (the ratio between the
magnetic pre sure and the Tsygane ko (1995) mag etic odel) observations at the terres-
tria cusp (Lavraud et al. 2004). The mo l can be seen in the background as “r ference”.
hours. The correlati n of observations to magnetospheric tilt t wards the Sun was
supported by a previous rep rt of a surv y of the locations of the cusp (E stman
et al. 2000). Tsyganenko and Russell (1999) found that the depr ssions were larger
at larger radial distances from the planet, due to the rapid increase of geomagnetic
field strength close to the planet. This is supported by the analysis reported by
Lavraud et al. (2004), who reported the greatest depressions to occur in the exterior
cusp (i.e. largest distances from the planet), shown in Figure 2.11. The three
boundaries of the exterior cusp are: the closed magnetosphere (equatorward from
the cusp), the plasma mantle (poleward fro the cusp), and the magnetosheath.
2.4 Solar Wind Dependence
The cusp has been observed to move equatorward during times when the IMF of
the solar wi d turns to a southward direction (e.g. Burch 1973). This is due to
an increase in reconnection rate when the shear between the IMF and geomagnetic
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field lines increases, so the geomagnetic field is eroded at the dayside and the open-
closed field line boundary subsequently moves equatorward. The cusp is observed to
move azimuthally depending on the IMF conditions (e.g. Burch et al. 1985; Candidi
et al. 1989). This is described in Figure 2.12. With a large By component in the
IMF, the newly opened field lines will have a dawnward and duskward flow for
the northern and southern hemispheres respectively when By >0. The opposite is
true for an IMF By < 0. The corresponding ionospheric flows also behave in a
similar fashion (bottom panel of Figure 2.12). This is due to the convection and
magnetic tension force acting in an azimuthal direction after reconnection instead of
a completely poleward one when the IMF is completely antiparallel to the dayside
magnetospheric field interior to the magnetopause.
2.5 Location of the cusp
Pitout et al. (2006, 2009) undertook very large statistical investigations involving
cusp observations made by the Cluster mission. They found that the location of
the cusp depends on the dynamic pressure of the solar wind as well as its IMF-
By component (as discussed previously). It was also found that the cusp has a
location change response time of ∼20 minutes after solar wind conditions changing
(the orientation of the IMF), with the response time dependent on the change in the
IMF Bz magnitude. A seasonal effect was seen where the cusp is wider (i.e when
the cusp ‘faces’ the solar wind more directly).
Figure 2.13 provides a selection of some of the results presented in the survey.
It can be seen that the northern and southern hemisphere cusp observations are
centred on 12:00 local time and between 75−80◦ invariant latitude. In (b) the
northern cusp is more commonly located in the morning sector for negative By and
in the afternoon for positive By, with an opposite trend observed in the south.
This concludes the discussion on the terrestrial cusp. In the next chapter an
introduction to Saturn’s magnetosphere is presented.
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Figure 4. (top) Newly opened field lines as seen from the Sun, for IMF Bz < 0, and (left) IMF By > 0 and 
(right) By < 0 [from Gosl#tg et al., 1990a]. (bottom) The corresponding onospheric flows and field-aligned 
currents in the northern hemisphere ionosphere for (a) By positive and (b) By negative shown with noon to 
the bottom and dusk to the right [from Cowley et al., 1991a]. 
across the rotational discontinuity at the magnetopause, 
the following equation can be obtained [Landau and 
Lifshitz, 1960]' 
V 2 - V 1 = q- (B 2 - B1)/(•oPo) 1/2 (1) 
where the subscripts 1 and 2 refer to observations on 
either side of the boundary, V is the bulk plasma velocity 
in Earth's frame of reference, B is the magnetic field, P0 
is the density, and Ix0 is the permeability of free space. 
Equation (1) is for the simplified case of an isotropic 
plasma but can readily be generalized for the real mag- 
netopause where the field-perpendicular pressure ex- 
ceeds the field-parallel value. The sign of the right-hand 
side of the equation denotes the polarity of the boundary 
normal field (B,) and therefore an observation point 
either north or south of the X line. Equation (1) allows 
for the plasma to be either accelerated or decelerated as 
it crosses from the magnetosheath into the magneto- 
sphere along open field lines produced by reconnection. 
Both ions and electrons are accelerated, but the change 
in velocity for electrons is negligible. Accelerated mag- 
netosheath ions were first reported in the magneto- 
sphere by Paschmann et al. [1979]. 
An alternative approach to describing particle entry 
uses the de Hoffman-Teller (dHT) reference frame, 
which slides along the magnetopause at a speed VHV, 
such that the electric field goes to zero [de Hoffman and 
Teller, 1950]. From (1) it can be shown that plasma flows 
through this ideal-MHD rotational discontinuity at the 
local Alfv6n speed, B/(Ix0 @0) 1/2 in this frame of reference 
[Hudson, 1970]. Transformation back into Earth's rest 
frame then gives 
V = VHT q- B/(IXoPo) 1/2 (2) 
VHT can be thought of as the velocity with which the field 
lines move along the boundary [Cowley, 1982] and is 
given by Et/Bn, where E t is the tangential electric field in 
Earth's frame and B n is the boundary normal magnetic 
field (B n is only nonzero where there are open field lines 
which thread the boundary). Equation (2) is sometimes 
called the Walen relation and predicts a linear relation- 
ship between the flow velocity and the magnetic field. It 
can be used to test for convecting open field lines and 
hence for reconnection (the so-called momentum or 
stress balances). This calculation has been performed by 
a large number of authors and has confirmed that stress 
Figure 2.12: Effect of the IMF By component on field lines in the magnetosphere. Top:
View from the Sun, the newly op ed field lines have an azimut al component in their
motion due to the IMF orientation (Gosling et al. 1990b). Bottom: Ionospheric flood and
the field aligned currents for different IMF By. The open-closed field-line boundary is shown
as the dashed line (Cowley et al. 1991).
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Fig. 2. Magnetic local time (MLT) of each cusp crossing versus
time. Crossings occurring in the North and Southern Hemi-
spheres are shown in black a red, respectively.
Fig. 3. Location of all cusp cr ssings as a function of magnetic lo-
cal time (MLT) and invariant latitude (ILAT). Black and red desig-
nate crossings which occurred in the Northern and Southern Hemi-
sphere, respectively.
wind plasma instrument (SWE) on board the ACE spacecraft.
The propagation time from ACE to Cluster is first roughly
estimated by dividing the solar wind bulk velocity by the
distance between L1 and the dayside magnetosphere. When
necessary, we check this lag by comparing ACE data to ei-
ther Geotail data when suitably positioned in the near-Earth
upstream solar wind or to ground instruments. Based on this,
we sort any given cusp crossing among four classes of IMF
behavior:
a) Steady southward IMF during the whole cusp crossing.
b) Steady northward IMF during the whole cusp crossing.
c) Rotating IMF. This behavior is chosen when one given
change in the IMF orientation is clearly identified as oc-
curring during the cusp crossing and as being responsi-
ble for a cusp discontinuity (presumably due to the mo-
tion of the latter).
d) Highly variable IMF. Some of the cusp crossings we
found occur under very variable IMF to such an extent
that we cannot isolate the IMF turning(s) responsible for
the change(s) in cusp morphology.
Fig. 4. Altitude and velocity of the satellites when they encounter
the cusp in the Northern (black) and Southern (red) hemispheres.
3 Ov rview of cusp crossings
Using the method described in the previous section, 960
passes in the mid-altitude dayside magnetosphere were ex-
amined. Out of those 960 passes, only 261 were identified
as cusp crossings, representing ⇠27% of the passes. Over
the time period we have analyzed, they were distributed as
follows: 2001: 49; 2002: 62; 2003: 84; 2004: 66.
The identified cusp crossings occur under the four classes
of IMF conditions with the following distribution: steady
southward: 111; steady northward: 46; rotating: 33; highly
variable: 71.
Figure 2 shows the magnetic local time (MLT) at which
all 261 crossings were observed. We see, as expected from
orbit data obtained from the Joint Science Operation Center
(JSOC), that Cluster flies through the dayside magnetosphere
in the morning sector in July and progressively drifts towards
noon in early September and the afternoon sector later on.
We have projected in Fig. 3 all cusp crossings on a MLT
vs. invariant latitude (3) plot. Crossings occurring in the
Northern and Southern Hemispheres are colored in black and
red, respectively. At a first glance, we see that most of the
recorded cusps are located between 10:00 and 14:00 MLT
and 75  and 80  ILAT.
An important aspect one needs to bear in mind for the
forthcoming analysis is that the apogee of the Cluster orbit is
slightly below the equatorial plane. Consequently, the cusp is
crossed neither at the same altitude, nor at the same speed in
the two hemispheres. This is clearly visible in Fig. 4, which
shows the altitude of each crossing versus the speed of the
spacecraft. All crossings occurring in the Southern Hemi-
sphere (in red) occur between 5.5 and 8RE , whereas those
in the Northern Hemisphere (in black) occur below 5.5RE .
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Fig. 12. Variations of the velocity of the poleward (top) and equator-
ward (bottom) boundaries of the cusp as a function of the variation
in Bz. Only pairs of spacecraft crossing the same cusp not more
than 30min apart and under steady or rotating IMF are considered.
other hand, the left-hand part of each panel (negative Bz)
presents interesting features. First of all, the linear fits have
similar slopes, showing that the cusp behaves the same way
in both hemispheres. On the other hand, there seems to be
an asymmetry in the position of the cusp: it seems to be at
a slightly higher latitude in the Southern Hemisphere: for
Bz=0, the equatorward boundary is at 77.4  in the north and
78.1  in the south. However, this would need to be confirmed
with more data points. At last and maybe more interestingly,
as already noticed previously, the correlation is better in the
Southern (0.82) than in the Northern (0.68) hemisphere.
We have taken advantage of the multipoint capability of
the Cluster to investigate the reactivity of the cusp in re-
sponse to changes in Bz. We know that large-amplitude and
rapid changes in the IMF are accompanied by a fast response
of the cusp (Pitout et al., 2006). We have compared the loca-
tion of the cusp equatorward boundary of successive passes
of the Cluster spacecraft through the same cusp, on the one
hand, and we have compared the location of the cusp between
the Southern and Northern Hemispheres during the same or-
bit, on the other hand (same technique as for Fig. 7 and there-
fore, the same pairs of spacecraft), as seen in Fig. 11. Succes-
sive passes of the Cluster satellites through a given cusp (top
panel) show the tendency: a decrease/increase in Bz makes
the cusp move equatorward/poleward, although it is not the
case for all the points. This may depend on the time differ-
ences between the pair of passes taken. The tendency is much
clearer when the two cusps are compared (bottom panel of
Fig. 11). The cusp has then all the time in the world (⇠4 h in
fact) to adapt itself to the new IMF conditions. By fitting the
data points in the latter case (bottom panel of Fig. 11), we
find again a similar slope, 0.679, as in Eq. (4).
Fig. 13. Occurrence of cusp crossings sorted by Magnetic Local
Times. Cusp crossings occurring under steady IMF are plotted.
Cases for which the duration between two successive
passes is not too long are of particular interest in order to
find the latitudinal velocity of the cusp hile it responds t
a given IMF change in the Z direction. Figure 12 displays
the velocity of the cusp (calculated with pairs of spacecraft
crossing the same cusp not longer than 30min apart) suc-
cessive passes not exceeding 30min apart) as a function of
the variatio in Bz. It suggests that the velocity of the cusp i
proportional to1Bz. Both the poleward and the equatorward
boundaries move at the same velocity (in  /min/nT):
V = 0.0241Bz. (6)
5.3 IMF-By dependence
Th zonal l cation of the cusp, in MLT, s shown in Fig. 13
for the two hemispheres (north on top, south at bottom),
and for negative and positive IMF By (left and right, respec-
tively). For each case, the mean MLT is given. Here again,
only the cusp crossings occurring under steady IMF have
been plotted. We find the well-known trend, i.e. the cusp
is statistically found in the morning sector of the Northern
Hemisphere for negative By (11.8 MLT on average) and in
the afternoon sector for positive By (12.5 MLT on average).
The opposite trend is observed in the Southern Hemisphere:
12.1 for By<0 and 11.4 for By>0). All this is a priori in
agreement with anti-parallel reconnection sites but we shall
discuss later on the few cases that do not follow this trend.
Another way to look at this By-effect is shown in Fig. 14,
which displays the MLT of each cusp crossing as a function
of the Y-component of the IMF for the Northern and South-
ern Hemisphere (top and bottom, respectively). Filled data
points correspond to cases where By is larger than Bz in ab-
solute value (clock angle of the IMF between 45 and 135 ).
www.ann-geophys.net/24/3011/2006/ Ann. Geophys., 24, 3011–3026, 2006
a)!
b)!
Figu e 2.13: A sel ction of some of the es lts adapted from Pitout et al. (2006): (a)
the magnetic local time and invariant latitude locations of cusp crossings with black and
red representing northern and southern emisphere crossings, and (b) the cusp crossings by
loc l time for different By components of the IMF.
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Chapter 3
Saturn and its Magnetosphere
Saturn has been observed by astronomers since prehistoric times. Saturn (as well
as the day called Saturday) takes its name from the Roman god Saturnus, the god
of agriculture. Saturnus was the Roman equivalent of the Greek god Kronos, one
of the Titans and father of Zeus.
The rings of Saturn were first observed with a telescope by Galileo in 1610 who
thought the rings were moons. A photograph of Saturn as seen through a telescope
can be seen in Figure 3.1. It was Christiaan Huygens who later discovered that they
were in fact rings. Huygens also discovered Saturn’s largest moon, Titan. Domenico
Cassini later in the same century discovered the moons Iapetus, Rhea, Dione and
Tethys, and also a gap in the rings, which is now called the Cassini division. 1789
saw the discovery of two other moons, Enceladus and Rhea, by Sir William Herschel.
Saturn is the sixth planet in our solar system and lies approximately 9.5 AU
away from the Sun. It has an orbit of ∼29.4 years and an equatorial radius (at the 1
bar pressure level) of 60,268 km. Saturn’s rotation (spin) axis is tilted at 26◦ to the
orbital plane normal. Its magnetic dipole axis is tilted less than 0.1◦ from the spin
axis (Burton et al. 2010). This is very different to the corresponding angle at Earth
(11◦) and Jupiter (10◦), making Saturn unique and very interesting. It is one of
the Gas Giants of the Solar System, whose atmosphere is largely composed of 75%
hydrogen and 25 % helium (Fouchet et al. 2009). Saturn has the most extensive set
of rings in the Solar System and has a whole host of moons. A diagram of the planet
with its rings and inner moons can be seen in Figure 3.2; the relative distance from
the planet of the moons are scaled. Saturn’s largest moon Titan is not included as
it located much further out from the planet. Saturn and its moons make up their
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Figure 3.1: This mosaic (bottom panel is a zoomed in version) was taken with my Digital-
SLR camera, and shows the eyepiece of the 0.4m Dorides Refracting Telescope at the Na-
tional Observatory of Athens. Saturn as well as two of its moons: Rhea (left) and Dione
(right), can be seen through the eyepiece.
own little system, analogous to the Solar System.
From Tables 1.1 and 1.2 it can be seen that the solar wind conditions at Saturn
differ vastly from those observed at the terrestrial magnetosphere. The Parker spiral
angle is large (85◦) and the IMF strength low (∼0.5 nT) at Saturn. The solar wind
ram pressure is also two orders of magnitude lower. The mean solar wind speed is
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Figure 3.2: Saturn and its inner moons, with the distances between the moons scaled
(credit NASA/JPL).
also ∼500 km s−1 (Jackman and Arridge 2011). The solar wind at Saturn’s orbit
during the first half of 2004 was found to be dominated by corotating interaction
regions, where regions of compression and rarefaction were observed to occur with
a period of the solar rotation (Jackman et al. 2004).
The solar wind dynamic pressure has been observed to influence the Saturn
Kilometric Radiation (e.g. Desch and Rucker 1983). The increase in solar wind
dynamic pressure is positively correlated to SKR energy. Badman et al. (2008)
reported observations of the intensification of the SKR power when solar wind com-
pressions arrived at the planet. Also, the occurrence of solar eruptions has been
observed to vary the radiation belt (Roussos et al. 2008). The stable belts extend
up to the orbit of the moon Tethys (see Section 3.1.1.1). During three solar distur-
bances, the authors reported the observation of increased energetic ion fluxes (MeV)
beyond the orbit of Tethys extending to 8 RS (i.e. beyond the location of the stable
belt). This revealed the presence of a transient belt called the ‘Dione Belt’ (after
the moon Dione whose orbit lies in this region).
The only spacecraft to visit Saturn before the Cassini-Huygens Mission which
arrived in 2004 were, Pioneer 11 in 1979, and Voyagers 1 and 2, in 1980 and 1981
respectively. The first three were single flybys that only had a relatively brief glimpse
of the Saturnian system. Pioneer 11 crossed the bow shock at noon local time,
completed a flyby with a perikrone on the duskside and then exited the system
through the dawnside magnetopause, all in the equatorial plane (Acuna and Ness
1980; Acuna et al. 1980). The noon magnetopause was observed at ∼17 RS from the
planet, which means the solar wind dynamic pressure must have been very high, for
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Figure 3.3: A cartoon of Saturn’s magnetosphere showing the different regions (Krimigis
et al. 2004).
such a close-in magnetopause boundary. Voyager 2 performed a similar trajectory
during its flyby as Pioneer 11, reaching slightly higher latitudes (30◦). Voyager 1,
however, went slightly further downtail of the planet (Ness et al. 1981). It was not
until twenty-three years later that the Cassin-Huygens mission arrived in the form
of an orbiter (Cassini) and a probe into Titan’s atmosphere (Huygens).
In this chapter, a summary of the Saturnian system is presented, focusing on
the planet’s magnetosphere largely from results obtained by the Cassini spacecraft.
3.1 Regions of the Magnetosphere
Like at Jupiter, Saturn’s magnetic field moment is orientated oppositely to that
of Earth, so the north magnetic pole is located in the northern hemisphere. The
magnetic moment of Saturn is ∼21 µT R3S , (which is stronger than Earth’s by
comparison). As mentioned previously it has a very small magnetic tilt in relation
to the spin axis. Saturn’s magnetosphere has many regions, with varying dynamical
plasma features. A schematic of the magnetosphere can be seen in Figure 3.3. The
different regions will now be explained.
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of the angular and L-shell distribution from different orbits.
Figure 5 shows a resulting map, where latitudinal, local time
symmetry for a given L-shell, and an undisturbed dipole
field are assumed. Similar maps can be created for other
energy ranges of ions above 1 MeV. Note that fluxes do not
reach background at the L-range of Janus and Epimetheus,
meaning that MeV ion populations can be partly transported
across the two moons’ shared orbit.
5. Source of the Inner Belts’ MeV Ions
[11] As concluded earlier, the ionic radiation belt of
Saturn cannot be populated by inward radial diffusion;
diffusion is therefore secondary to losses to Tethys. In
addition, Saturn’s neutral gas cloud, whose density peaks
inside Rhea’s orbit (L = 8.74), leads to strong ion losses in
the <100 keV range due to charge-exchange reactions
[Paranicas et al., 2008]. Moons and the neutral gas cloud
together form an effective energy filter for ions that diffuse
towards Saturn’s inner magnetosphere.
[12] The inner belt MeV ion population’s stability
requires a stable source. Any process involving the outer
magnetosphere cannot be responsible for populating the
inner belts (e.g., diffusion of 100-keV to !1-MeV ions or
double charge exchange). For energies above 10 MeV/nuc,
the proposed source mechanism is the CRAND process,
also responsible for very energetic protons in Earth’s inner
radiation belt. During this process GeV cosmic rays impact-
ing Saturn’s atmosphere or rings produce neutrons that then
decay to protons with energies >10 MeV, becoming trapped
in the magnetosphere. This suggested process’s signature is
a peak in the energy-flux spectrum, centered around 20
MeV/nuc, in both the LEMMS dataset and in that of
previous missions [Blake et al., 1983].
[13] However, given the inner radiation belts’ isolation,
no obvious source exists for 1–10 MeV ions. At Earth, such
ions are partly attributed to light element isotopes (deuteri-
um, tritium, Helium-3 and 4) that result from the nuclear
collisions of CRAND protons in our planet’s neutral atmo-
sphere [Selesnick and Mewaldt, 1996]. This may also occur
at Saturn and may be enhanced by the neutral gas cloud, the
Figure 4. Monitoring of P2 channel differential fluxes in
three of the four inner belts’ permanent peaks (Figure 1) and
in the Dione belt. The peak between the main rings and
Janus and Epimetheus’ orbits is not included, as it was
sampled only once. Data correspond to the maximum of
each peak and are extracted when this is resolved. Fluxes
are normalized to an average flux when the Dione belt was
absent and to the same equatorial pitch angle. Decay slopes
of the Dione belt (dashed lines) are similar in all three cases.
Figure 5. Differential flux map of the stable belts inside Tethys’ L-shell of the 25–60 MeV/nuc ions, based on LEMMS
data from 36 orbits. The L-shells of the various moons, are indicated. The partial flux dropout at the shell of the G-ring is
also visible. Hatched regions above the main rings have particle flux lower or equal to that of the color bar. The radiation
belt inside the D-ring [Krimigis et al., 2005] is not presented here.
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Figure 3.4: The ion radiation belt location observed by the LEMMS instrument up to
L-shell values of Te ys’ orbit. The shad d region is of fluxes below the colour bar. The
moons Ja us and Epimetheus are labelled as ‘J/E’ (Roussos et al. 2008).
3.1.1 Inner Magnetosphere
The magnetosphere up to the radial distance 3 RS from the planet centre, is dom-
inated by Saturn’s dense rings. The rings are a plasma source, however they are
also a plasma sink, as ion lifetimes are short and this results in low levels of plasma.
The magnetic field in this region is strongly dipolar.
The inner magnetosphere is usually taken to extend from ∼3 to ∼6 RS from
the planet, and is home to three of the larger moons, Mimas, Enceladus and Tethys.
It is also home to the region with the highest fluxes of low-energy particles as well
as the radiation belts, which have the highest intensities of energetic particles in the
1 MeV range (Krupp et al. 2009).
3.1.1.1 Radiation Belts
The radiation belts are toroidal areas of energetic electrons and ions (ion energies >1
MeV/nuc and electron energies> 1 MeV). There is a stable as well as a transient belt
(Roussos et al. 2008, 2011). The proton radiation belt extending up to the orbit of
Tethys is shown in Figure 3.4. It can be seen that the moons create decreases in flux
at their L-shells, with the most striking observed at Mimas, with the flux dropout
called the ‘Mimas Gap’. The high fluxes can be seen to begin at the edge of the A-
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Figure 3.5: Top left: a schematic of the plume’s interaction with Saturn’s magnetosphere
by warping the field lines. Bottom left: magnetometer data discovering the plumes of
Enceladus during a flyby presenting observations of the three component of the magnetic
field (X is in the direction of corotation, Y is directed toward the planet and Z completes
the right hand set), as well as the magnetic field magnitude (Dougherty et al. 2006). Right:
An image of Enceldaus (Credit Cassini Imaging team/SSI/JPL/ESA/NASA).
ring. Lower fluxes are observed to almost 5 RS . Beyond this (and at the main rings)
the fluxes drop below the instrument threshold except in special circumstances. The
radiation belts interact with the moons and are able to release water group ions by
sputtering (Paranicas et al. 2008). During Cassini orbit insertion a new radiation
belt was discovered within the D-ring (Krimigis et al. 2005).
3.1.1.2 Enceladus and its plumes
During the first flyby of Enceladus, the magnetometer onboard the Cassini space-
craft observed a perturbation in the magnetic field (Dougherty et al. 2006). Ion
cyclotron waves were observed at the water group ion frequency, suggesting that
Enceladus was a source of plasma. In two subsequent closer flybys of the moon, this
was confirmed. Observations from the third flyby are shown in Figure 3.5, with an
image of the moon on the right.
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The observations shown in the bottom left show the data from the magnetome-
ter centred on the flyby. The clear perturbation of the magnetic field can be seen,
with the distinct increase in magnetic field strength shown in the bottom panel. The
strongest perturbation of the magnetic field can be seen in the BX component of
the magnetic field (in the direction of corotation), which was consistently observed
throughout the three flybys. A schematic of the data is shown in the top left. The
plume of water erupting from the moon is being ionised and picked up by the mag-
netic field and the corotating magnetospheric plasma is being slowed down as well
as deflected.
The effective diameter of the obstacle that the eruption of the plumes creates
has been modelled to show that it is ∼6 RE (RE is Enceladus’ radius which is
equal to 250km) (Khurana et al. 2007). The water ice grains are the main source
of the E-ring, and the moon is the main source of neutrals in the magnetosphere.
Some of the neutrals are ionised and are added to the corotating plasma. The
eruptions are estimated to produce ∼100 kg/s up to ∼300 kg/s of material that is
ionised and picked up by the magnetic field (Tokar et al. 2006; Mauk et al. 2009).
Enceladus is therefore a large contributor to the plasma and dust found in Saturn’s
magnetosphere (e.g. Jones et al. 2006; Waite et al. 2006; Hansen et al. 2006; Porco
et al. 2006). By comparison, the Jovian moon Io has been found to produce ∼1000
kg s−1 of ionised mass in Jupiter’s magnetosphere (e.g. Dessler 1980). However,
even though Io produces a larger amount of mass in the Jovian magnetosphere,
this does not mean that the Saturnian magnetosphere is any less mass-loaded. Due
to the scale quantities (solar wind mass flux and the critical mass flux to prevent
corotation) being smaller at Saturn, Enceladus may be more significant in plasma
production (and therefore the perturbation of its planet’s magnetic field) in Saturn’s
magnetosphere than Io is in Jupiter’s magnetosphere (Vasyliu¯nas 2008).
3.1.2 The middle Magnetosphere
The middle magnetosphere is usually defined to extend from 6 to 15 RS . The radi-
ation belt intensities drop several orders of magnitude. Generally the densities are
decreased in the middle magnetosphere, decreasing with distance from Enceladus.
The middle magnetosphere is home to the ring current.
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3.1.2.1 Ring current
The ring current is similar to the Earth’s ring current in the sense that it is generated
by particles undergoing gradient and curvature drift. It is different from Earth’s ring
current because it is directed in the opposite direction (i.e. Saturn’s ring current
flows azimuthally along the direction of planetary corotation), due to the oppositely
orientated magnetic dipole (e.g. Krimigis et al. 1983; Bunce et al. 2008a). The ring
current is present from 6 RS outwards to 15 RS (sometimes 20 RS depending on
the location of the magnetopause) (Bunce et al. 2007; Achilleos et al. 2010). An
image of the intensity of neutral atom emission due to charge exchange within the
ring current, is shown in Figure 3.6.
From ∼8 RS outwards, the magnetic field departs from a dipolar configuration.
The ring current decreases the field strength from a dipolar value from the inner
edge to some characteristic distance, then enhances the field strength from this
location towards the outer edge. At Earth the ring current is a toroidal shape
(approximately). The centrifugal stresses acting on the plasma at Saturn act to
deform the field outwards of 16 RS to form a thin disk-like distribution of current
and plasma sheet.
Figure 3.6: An ENA image taken by the MIMI-INCA instrument in the 20-50 keV energy
range from above (north) the equatorial plane, looking down. The two dashed lines represent
the orbits of Rhea and Titan from Saturn in the centre. (Krimigis et al. 2007).
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3.1.3 Outer Magnetosphere
The outer magnetosphere is home to the magnetodisk, which was introduced above.
Due to the role of the centrifugal force in the overall force balance in the plasma, the
plasma adopts a disk-like configuration, as does the magnetic field. The plasma sheet
residing within the magnetodisk is saucer-shaped, due to the solar wind impingement
being transmitted to the disk and causing the current sheet to be moved out of the
rotational equator (Arridge et al. 2008). This causes the disk to be ‘bowl’ or ‘saucer’
shaped as can be seen in an illustration shown in Figure 3.7.
Due to the negligible tilt between the rotation and the magnetic axis, there
should not be an oscillation of the current sheet on a daily basis as at Jupiter.
However, Carbary et al. (2008) showed a periodic tilting of the plasma sheet to
occur at the same period as the SKR emission, which suggests a latitudinal motion
of the sheet generated by a mechanism other than the dipole tilt with respect to the
rotation axis. The outer magnetosphere is principally formed of hot plasma with
particle energies ≥100 eV.
3.1.4 Magnetopause
The magnetodisk at Saturn, where the plasma is confined to the equatorial region,
affects the shape of the magnetopause. The warping of the magnetodisk is likely to
have a seasonal effect on the shape of the magnetopause, with one hemisphere more
likely to be confined, and the other relatively inflated (e.g. Maurice and Engle 1995;
Pilkington et al. 2014). Achilleos et al. (2008) found the magnetopause standoff
distance at Saturn to have a bimodal distribution with two favoured at ∼22 and
[48] We also note that the presence of a distorted current
sheet has serious implications for the interaction of the
magnetosphere with Titan and other more distant moons
such as Hyperion. Traditionally, models of the Titan inter-
action assume that Titan lies in the magnetic equator. Our
results clearly show that this is not the case. This implies
that sometimes Titan’s magnetospheric interaction will be in
a lobe-type field with a low beta. The shift in Titan’s
magnetic latitude also changes the motional electric field
in Titan’s reference frame. Further studies of the impact of
this distortion of Saturn’s magnetic equator are required to
fully understand the interaction of Titan with Saturn’s
magnetosphere.
Appendix A: Calculating the Latitude of the Sun
[49] The latitude of the Sun, qSUN, used in the model can
be calculated in a straightforward manner using the SPICE
software package and appropriate SPICE kernels. The
latitude can also be found in a straightforward manner using
the following expression where tYR is fractional years
obtained by dividing the day of year by the number of days
per year.
qSUN ¼ " 1:371# " 25:69# cos 2:816þ 0:213499tYRð Þ
þ 1:389# cos 5:4786þ 0:426998tYRð Þ ðA1Þ
This was obtained by fitting the expression to a table of
latitudes from 1975 to 2009 inclusive (produced from
SPICE) using Marquardt’s method [e.g., Press et al., 1992]
for nonlinear least squares. The root-mean-square error of
this fit is 0.06! with a maximum error of 0.09!. For
example, at Cassini Saturn Orbit Insertion (tFYEAR = 2004.5)
the calculated latitude using (A1) is 23.67! and the value
calculated using SPICE is 23.7355!.
Appendix B: Coordinate Systems
[50] Kronocentric Solar Magnetic (KSMAG) and Krono-
centric Solar Magnetospheric (KSM) are the two coordinate
frames used to describe the model current sheet surface in
section 3. Here we will present the definition of these two
coordinate frames and describe the transformations required
to move between these two frames.
[51] KSMAG is essentially a despun dipole coordinate
frame and can be obtained from kronographic (KG) coor-
dinates by despinning the KG coordinates (making the
frame inertial) and then rotating around e^z from Saturn’s
vernal equinox to orient e^x sunward. The three unit vectors
in KSMAG are defined by e^z pointing along the magnetic
dipole axis (M^), e^z ' ^eSUN = e^y, and e^x completing the
right-hand orthogonal set and lying in the plane formed by
the magnetic dipole axis and the sun direction unit vector.
[52] KSM is the kronian analogue of GSM; e^x points to
the Sun, M^ ' e^x = e^y, and e^z completes the right-hand set
and lies in the plane formed by the magnetic dipole axis and
the sun direction unit vector.
[53] These two frames share a common Y axis and thus
clearly, KSM can be obtained from KSMAG by a rotation
around e^y by the solar wind latitude:
xKSM ¼ xKSMAG cos qSUN " zKSMAG sin qSUN
yKSM ¼ yKSMAG ðB1Þ
zKSM ¼ xKSMAG sin qSUN þ zKSMAG cos qSUN
[54] Acknowledgments. CSA would like to acknowledge useful
discussions with N. Andre´, C. Bertucci, S.W.H. Cowley, I. Dandouras,
G.H. Jones, N. Krupp, and D.G. Mitchell, and both referees for their
Figure 12. Schematics illustrating the distortion of Saturn’s magnetosphere. (left) The distorted plasma/
current sheet and magnetic field lines in the noon-midnight meridian. (right) A three-dimensional view of
this distortion and the resulting bowl-shaped current sheet. The orbits of Titan and Hyperion are included
showing that they are underneath the sheet. In reality the sheet has a finite thickness which varies with
radial distance and local time, so even though Titan is underneath the center plane of the sheet, it is
usually (near noon) immersed in the plasma sheet.
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Figure 3.7: Sketches showing the bowl shaped agnetodisk and current she t. On the
left: the view from dawn of the current sheet and deformed magnetic field lines. Right: A
3-D view of the current sheet, highlighting that the moons can be underneath it (Arridge
et al. 2008).
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∼27 RS , which did not correlate with any corresponding bimodal distribution of
solar wind dynamic pressure, suggesting that there must be an internal process
influencing the magnetopause position. A similar result was obtained for the Jovian
system by Joy et al. (2002).
A large equatorial magnetodisk produces a magnetopause shape which departs
from symmetry about the planet-Sun line. Specifically the magnetopause is rela-
tively inflated near the equatorial region and thus relatively flattened at the polar
regions. Huddleston et al. (1998) found a polar flattening effect of the magnetopause
at Jupiter. They also found the Jovian magnetosphere to be more compressible (i.e.
its relative change in size is larger for a given relative change in the solar wind
dynamic pressure) than the terrestrial magnetosphere. Arridge et al. (2006) found
a similar effect at Saturn by analysing the first six orbits of Cassini and using
magnetopause crossings to construct a model of the magnetopause surface and its
compressibility. Kanani et al. (2010) and Jia et al. (2012) both built upon this work
with more realistic models, and confirmed that the magnetospheric compressibility
is not as pronounced at Saturn, showing the kronian magnetosphere to be an inter-
mediate between Jupiter and Earth in this regard. Pilkington et al. (2014) found
the kronian magnetopause to exhibit a polar flattening, where the magnetopause is
‘flattened’ by ∼19% approximately along a direction orthogonal to the X-Y plane in
the KSM coordinate system (see Section 4.2 for a description of the KSM coordinate
system).
3.2 Dynamics
The icy moons of Saturn provide the majority of plasma in the magnetosphere. It
is argued that Saturn’s magnetospheric dynamics are influenced by the solar wind
and that the system has a Dungey Cycle (Cowley and Bunce 2003). Saturn has
a rotational period of ∼10.75 hours. This is extremely fast for a planet of such a
large size as Saturn. This classifies Saturn as a ‘fast-rotator’, whose effects manifest
themselves in the dynamics of Saturn’s magnetosphere and aurora. Therefore, in
terms of the nature of the plasma dynamics, Saturn is treated as a ‘middle case’
between Jupiter and the Earth. Saturn is therefore thought to be driven by a mix
of the Dungey Cycle and the Vasyliu¯nas Cycle. The description in this section is a
theoretical view of the dynamics in a fast-rotating magnetosphere (which also has
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ward of the boundary at all local times (see, e.g.,
section 3.2). In particular, we may expect precipitation
from the hot plasmas formed in the nightside reconnection
processes associated with the Dungey and Vasyliunas cycles,
which should occur downstream from their respective
mapped reconnection lines (‘‘X lines’’ in Figures 2a–2b).
According to Figure 2b this precipitation should therefore
also favor the dawn side of the polar ionosphere. In partic-
ular, precipitation of hot plasma resulting from tail recon-
nection in the Dungey cycle should occur on a layer of
streamlines passing from the mapped tail to the mapped
magnetopause reconnection regions via dawn as shown. In
this steady state picture, therefore, both discrete and diffuse
emissions should be enhanced at dawn compared with dusk
when the Dungey cycle is active.
3.2. Reconnection Pulses
[11] The situation depicted in Figures 2a–2b relates to
an interval of steady significant magnetospheric driving by
the Dungey cycle, involving equal rates of open flux
production at the dayside magnetopause and destruction
in the tail. However, it is clear from the results presented
by Jackman et al. [2004] and those shown in Figure 1 that
the magnetopause rate is characteristically variable on both
long timescales (days) due to field strength variations in
CIR structures and on shorter timescales (tens of minutes to
hours) due to north-south field fluctuations. In addition, the
auroral data in Figure 1 suggest the occurrence of intervals
of impulsive flux closure in the tail, associated with sudden
contractions of the polar cap, as will be discussed further in
section 4. Here, therefore, we broaden the above consid-
erations to include discussion of the effect of variable
reconnection rates at the magnetopause and in the tail,
and of intervals of unbalanced dayside and nightside
reconnection. Here we begin by consideration of the con-
sequences of brief pulses of reconnection, lasting for
intervals much shorter than the planetary rotation period.
This topic has been discussed previously in the terrestrial
context by Cowley and Lockwood [1992] and is now
applied here to Saturn. For the case of the Earth the effects
of planetary rotation were ignored in the discussion, since
corotational effects are expected to be small outside of the
small central ‘‘core’’ of dipolar flux tubes corresponding to
the plasmasphere. As we have seen above, however, plasma
rotation with the planet, driven by ion-neutral coupling in
the ionosphere, is a major feature at Saturn, both on closed
Figure 2a. Sketch of the plasma flow in the equatorial plane of Saturn’s magnetosphere out to the
magnetopause (at a subsolar distance of !20 RS), where the direction to the Sun is at the bottom of the
diagram, dusk is to the right, and dawn is to the left. Arrowed solid lines show plasma streamlines,
arrowed dashed lines show the boundaries between flow regimes (also streamlines), the solid lines joined
by crosses show the reconnection lines associated with the Dungey cycle, and the dashed lines with
crosses show the tail reconnection line associated with the Vasyliunas cycle. Line indicated by the O
marks the path of the plasmoid O line in the Vasyliunas cycle flow (also a streamline), while P marks the
outer limit of the plasmoid field lines, which eventually asymptote to the dusk tail magnetopause. (From
Cowley et al. [2004a].)
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Figure 3.8: A sketch of the equatorial plane of Saturn’s magnetosphere. Shown here is the
plasma flow. Dawn is to the left, dusk to the right. Arrowed lines show plasma streamlines,
dashed lines show the boundaries b tw en different flow regim s. Solid lines with ‘X ’ show
the position of reconnection due to the Dungey Cycle, whilst dashed lines with ‘X ’ s ow
reconnection due to the Vasyliu¯nas Cycle. The ‘O’ line shows the plasmoid O line from the
Vasyliu¯nas Cycle and the ‘P’ shows the limit of plasmoid field lines (Cowley et al. 2004a).
a solar wind driven Dungey Cycle) presented by Cowley et al. (2004a,b, 2005).
Figure 3.8 shows a sketch of the plasma flow in the magnetosphere’s equator al
plane extendi g to ∼20 RS on the dayside. The inner region shows plasma flow
ranging from rigid c rotation which falls to ∼50-60% of rigid co tation in the
middle magnetosphere. On the outer dusk fla k there is plasma loss occurring in
the Vasyliu¯nas Cycle. Just after midnight towards dawn, there are flows of plasma
on newly closed magnetic field lines due to the Dungey Cycle. These field lines are
then opened on the dayside magnetopause by reconnection, also due to the Dungey
Cycle. The flow of the plasma on the outer magnetospheric field lines rotates at ∼50-
80% of rigid corotation. Of course these flows in the magnetosphere have an effect
on the flows in the ionosphere, since the magnetospheric field lines are rooted there,
and particles precipitate into the ionosphere. These ionospheric flows are shown in
Figure 3.9. The region of open flux extends to ∼15◦ colatitude. The ionospheric
flows are a combination of the tailward flows of newly opened magnetic field lines
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and open field lines. Here we therefore consider the
transport and assimilation of newly reconnected field lines
in the presence of such rotational flows.
[12] We begin in Figure 3 by considering the motion of a
small region of newly closed field lines created by a burst of
reconnection in the tail. The diagrams show a cut through
the equatorial plane as in Figure 2a, where the outer solid
line is the magnetopause, and the solid line across the
nightside tail represents schematically the outer limit of
closed field lines. Plasma streamlines are indicated by the
dashed lines with arrows. In Figure 3a a short burst of tail
reconnection has closed a small region of open flux in the
tail, causing the nightside boundary of closed field lines to
bulge outwards. The newly closed flux is indicated in
Figure 3 by the stippling, with an inner boundary indicated
by the short-dashed line. It is shown to be located on the
dawn side of the tail due to the possible presence of
Vasyliunas cycle outflow at dusk, as in Figure 2a, though
for simplicity the latter has not been represented here. We
comment on this further below. Initially the field line
tension in the newly closed flux tubes causes them to
contract toward the planet, while the ionospheric torque
imparts a rotation toward dawn. Simple estimates based on
the analyses of Vasyliunas [1994] and Cowley and Bunce
[2003] suggest that plausible timescales for the impartation
of planetary rotation are !1 hour. After a few hours,
therefore, the region of newly closed flux rotates into the
dawn boundary of the tail, where it may cause the magne-
topause to bulge outwards, as shown in Figure 3b. Solar
wind compression resists this outward motion, however,
and enforces assimilation of the newly closed flux tubes into
the outer region of subcorotating magnetospheric flow. The
tubes thus continue to rotate around in the outer magneto-
sphere as shown in Figures 3c and 3d, where the difference
in flux tube cross section depicted reflects schematically the
difference in equatorial field strength between the dayside
and nightside outer magnetospheres due to the solar wind
flow asymmetry. The overall transport time for a full
rotation from Figure 3a to Figure 3d is rather uncertain,
with plasma angular velocities which are likely to be higher
on the dayside than on the nightside. However, the obser-
vations cited in section 3.1 suggest that an overall figure of
Figure 2b. Sketch of the plasma flow in Saturn’s northern ionosphere in a format following that of
Figure 2a, where the direction to the Sun is at the bottom of the diagram, dusk is to the right, and dawn is
to the left. Outermost circle corresponds to a colatitude of !30! from the pole, which maps magnetically
in the equatorial plane to a radial distance of !3 RS. Circled dots and crosses indicate regions of upward
and downward field-aligned current, respectively, as indicated by the divergence of the horizontal
ionospheric current. Pedersen currents flow generally equatorward and close in the field-aligned current
system shown, while Hall currents flow generally anticlockwise around the pole and close in the
ionosphere. (From Cowley et al. [2004a].)
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Figure 3.9: A sketch of the ionospheric plasma flow corresponding to the magnetospheric
flow fr m Figure 3.8. The outer circle c rresponds to a colatitude of ∼30◦, mapping to a
radial distance in the equatorial plane of ∼3RS . Circles with dots and crosses show place
of upward and downward current respectively. (Cowley et al. 2004a).
associated with the Dungey Cycle as well as subcorotation of the magnetospheric
field lines. It can be seen that in this picture, this produces a one-cell convection
p tt rn ce tred on the dawn side, and n t the twin-cell convection pattern that
occurs at Earth.
Field lines in the auroral oval have been shown to rotat at ∼34% of rigid
corotation, which correspond to flow velociti s of approximat ly 550 m/s (Stallard
et al. 2004). The transpolar antisunward flows in the ionosphere of newly opened
field lines associated with the Dungey Cyle were found to be ∼200 m/s (Cowley
et al. 2004a). T ese field lin s are surrounded by much faster flows on closed field
lines of the order of ∼2 km/s (Cowley et al. 2004a). This rotational flow shear at
the open-closed field line boundary produces the associated field aligned currents
that drive the main auroral oval at Saturn. During onsets of the Dungey Cycle, the
currents are increased, producing enhancements in the dawn side of the aurora, due
to the precipitation of hot plasma (from the nightside) on the sunward dawn flows.
Cowley et al. (2005) took a step-by-step approach at using these ideas to deter-
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were then in progress, with the dawn sector of the oval
essentially filled with bright UV emissions. SKR emissions
show a corresponding enhancement [Kurth et al., 2005],
which was observed at Cassini beginning at!1200 UTon 26
January (W. S. Kurth, personal communication, 2004), an
interval of !7 hours prior to the corresponding HST image.
After the passage of the shock the IMF strength at the
spacecraft increased stepwise over the next day, peaking at
!2 nT, before falling more gradually over the next !5 days.
The solar wind density behaved correspondingly, while the
wind speed varied modestly between!550 and!600 km s"1
[Crary et al., 2005]. The estimated dayside reconnection
voltage in Figure 1 shows behavior related principally to
the IMF strength, though also characteristically strongly
modulated on shorter, few-hour timescales by variations in
the field direction, between small values when the field
pointed south to peaks of !400 kV when it pointed north
[Jackman et al., 2004]. The HST image obtained at
Figure 1. Overview of Saturn’s auroral dynamics and their relation to CIR compression regions as
observed during the Cassini-HST campaign in January 2004. At the top of the figure we show four frames
of Saturn’s UV auroras in the southern polar region obtained by the HST as follows: (a) 2351 UT on 24
January, (b) 1903 UT on 26 January, (c) 0128 UT on 28 January, and (d) 1902 UT on 30 January. Clear
and filtered images from a given HST orbit have been combined in the red-green-blue color system as
indicated in section 1, the total integration time in each frame being !50 min. Times given are the
approximate midtimes of the imaging intervals involved. Noon-midnight meridian is near the center of
each frame with noon toward the top, dawn to the left, and dusk to the right. (e) Strength of the IMF
measured upstream of Saturn by the Cassini spacecraft and an estimate of the dayside reconnection
voltage (open flux production rate) obtained from equation (1) [after Jackman et al., 2004]. Interval
shown is 24–30 January inclusive. Vertical dashed lines marked a–d indicate the approximate
corresponding times of the auroral images using a nominal 17 hour lag between Cassini and Saturn,
though these timings are uncertain to within several hours due to possible nonradial propagation effects in
the solar wind and the separation of the spacecraft and the planet in heliographic longitude. Vertical arrow
marked ‘‘S’’ indicates the arrival of the forward shock of a CIR compression region at the spacecraft, at
!1600 UT on 25 January. HST images are after Clarke et al. [2005], and the interplanetary data are from
Crary et al. [2005].
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Figure 3.10: Hubble Space Telescope (HST) observations of Saturn’s southern UV aurora
in January 2004. Images are separated by 2 days. Noon is to the top, dawn to the left
and dusk to the right. (a) A large auroral oval is seen during ‘quiet’ solar wind. (b) A
corotating interaction region of the solar wind impinges on the magnetosphere causing the
Dungey Cycle to be triggered, filling the dawn region of the oval. (c) The dawn side still
has brighter emission, however the Dungey Cycle is decreasing. (d) Return to a unfilled
auroral oval Cowley et al. (2005).
mine the dynamics of the magnetosphere that produced a set of auroral observations
by the Hubble Space Telescope (HST) in January 2004 (see Figure 3.10). During
these observations Cassini was measuring the solar wind upstream from Saturn.
A forward shock of a corotating interaction region (CIR) in the solar wind was
obs rved ∼17 hours prior to im ge b (Jackman t al. 2004).
The interpretation provided by Cowley et al. (2005) about the dynamics of
the magnetosphere during these observatio s is expla ed in Figure 3.11. Sketches
a e m de of he equatorial plane of the magnetosphere and th corresponding io o-
sphere. Sketches (a) and (b) occur 2-3 hours after the onset of rapid reconnection
in the tail, occurring due to the arrival of the CIR, compressing the magnetosphere
and thus triggering tail reconnection. Open field lines have just been closed in the
tail, moved planetward and rotated towards dawn causing a bulge (shaded region) in
the dawn flank. The effect on the ionosphere is that the newly closed field lines have
filled into the polar cap (shaded region) on the dawn/night side, and precipitation
of hot plasma has cau ed emission.
After ∼10 hours, the newly closed field lines have made half a rotation in the
magnetosphere. This is represented in (c) and (d) in Fig. 3.11. Solar wind pressure
on th dawn side has caused the bulge to move planetward in the magnetosph re. In
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active but at a declining rate. Overall, we suppose that
around half the preexisting open flux in the tail has now
been closed, some !15 GWb, and with the small dayside
reconnection rates prevailing, at least during this event as
seen in Figure 1, the new open flux created during the
interval is small (!1–2 GWb). New closed flux tubes and
hot plasma have now rotated from the reservoir in the tail all
around the dawn magnetopause to reach the noon sector,
such that the dawn region of the former polar cap has now
become almost filled with closed flux tubes, precipitating
hot plasma, and bright auroras. Discrete and diffuse emis-
sions of lesser intensity continue to be present in the dusk
Figure 10. Sketches illustrating the consequences of an interval of rapid reconnection in the tail, in
which a significant fraction of the open flux in the tail lobes is closed on a timescale that is short
compared with the typical period of plasma subcorotation in the outer magnetosphere (!20 hours).
Shown are conditions in the equatorial plane after (a) 2–3, (c) !10, and (e) !20 hours and (b, d, and f )
corresponding conditions in the ionosphere. Format of the figures is the same as Figures 3–9. In
Figures 10e and 10f, dayside reconnection is also in progress.
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Figure 3.11: Sketches explaining the dynamics of the magnetosphere during the observa-
tions of the southern aurora by HST. Sketched are the conditions of the equatorial plane and
the corresponding ionospheric behaviour 2-3 hours (a,b), ∼10 hours (c,d) and ∼20 hours
(e,f) after th onset of rapid rec nection in the tail. (c,d) are a snapshot intended to be
taken at the same time as the ‘b’ HST observation in Fig. 3.10, whilst (e,f) occur a few
hours before th obse vation of ‘c’ in Figure 3.10. The circled dots and crosses r present
upward (from the planet) and downward field-aligned currents (Cowley et al. 2005).
the ionosphere the newly closed field lines have continued rotating and the precipi-
tating plasma causes emission in the shaded region. This shaded region has rotated
into the dayside causing a crescent shaped aurora.
After a full rotation of the newly closed field lines (∼20 hours), some of the
plasma has been lost down the dusk flank in the magnetosphere (e). In the iono-
sphere (f) the polar cap has shrunk. Reconnection in the tail is ongoing, however
at a much smaller rate than in (a) and (b). This causes a smaller bulge on the
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cusp and reduce or reverse the currents on the postnoon
side. A detailed discussion of the latter currents and related
precipitation has recently been presented by E. J. Bunce et
al. (Interplanetary magnetic field control of Saturn’s polar
cusp aurora, submitted to Annales Geophysicae, 2004,
hereinafter referred to as Bunce et al., submitted manuscript,
2004). We again note that cusp precipitation should continue
only for a few hours downstream of the merging site on a
given open field line, as it propagates over the dayside
magnetopause following reconnection. Given the timescale
of plasma rotation in the open field region (!30 hours), we
thus expect cusp precipitation to occur on the newly opened
field lines only in the region immediately downstream of the
dayside reconnection site.
[20] The conditions discussed above of steady tail recon-
nection in the absence of magnetopause reconnection, and
vice versa, clearly represent limiting cases. In general,
reconnection may be active in both regions, but at differing
rates with respect to each other. The ionospheric config-
urations representing these more general conditions are
illustrated in Figure 9. In Figure 9a we show the situation
in which the tail reconnection rate is higher than the dayside
rate, such that overall the region of open flux is contracting
with time. In this case the auroral spiral expected to be
formed by hot plasma precipitation from newly closed flux
tubes flowing around the open-closed field line boundary
should still be present (in addition to emissions associated
with the field-aligned current systems and diffuse outer
magnetosphere precipitation), but its width will be reduced
on the dusk side of the mapped magnetopause reconnection
region compared with the dawn side. This occurs because
the outermost layer of closed tubes now flows to the dayside
Figure 8. (a and b) Sketches illustrating the ionospheric consequences of an interval of steady
magnetopause reconnection in the absence of tail reconnection. Format is the same as in Figures 7c and
7d.
Figure 9. Sketches illustrating the ionospheric consequences of intervals of steady magnetopause and
tail reconnection, but where the rates are not equal to each other. (a) Tail reconnection rate exceeding the
dayside rate and (b) dayside rate exceeding the tail rate. Format follows that of Figures 4–8.
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Figure 3.12: A sketch of the ionosphere after ongoing dayside reconnection for approx-
imately a full planetary rotation. The open-closed boundary is pushed equatorward and
emission on opened field lines is spread azimuthally (Cowley et al. 2005).
dawn/night side in the ionospher . This explanation by Cowley et al. (2004b) is
a qualitative explanation of the auroral observations. Cowley et al. (2005) men-
tion the cusp as being more likely to be observed in the aurora as a line spread
azimuthally from noon onwards for a couple of hour of LT, rather than a spot as
seen on Earth. This is better represented in their sketch of dayside reconnection
in Figure 3.12. Here we see the state of the ionosphere after dayside reconnection
has been continuous for ∼10 hours. Newly opened field lines increase the size of
the auroral oval. Due to the rotation of the planet we would expect cusp aurora to
be diffuse and spread azimuthally, similarly to what has been shown in Figure 3.12.
However Ge´rard et al. (2005) reported a spot in the aurora at noon which they
interpreted to be the cusp auroral signature.
3.3 Reconnection at Saturn
The arrival of solar wind shocks at Earth has been shown to be a driver of recon-
nection at both the dayside magnetopause and the magnetotail, regardless of the
orientation of the IMF. However the influence of the shocks on the aurora is more
pronounced when the IMF has a southward (i.e. anti-parallel) orientation (Meurant
et al. 2004). Crary et al. (2005) presented an example where the global power of the
aurora increased at Saturn during a significant increase in the solar wind dynamic
pressure and not a rotation in the orientation of the IMF. Meredith et al. (2014)
showed that small patchy post-noon aurora coincide with the IMF (observed up-
stream of the bow shock) having a positive BZ component, and an absence of these
auroral signatures was observed to coincide with the IMF having a negative BZ com-
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ponent. Therefore both the solar wind dynamic pressure and the IMF orientation
hold an influence on the aurora at Saturn. However, the degree to which reconnec-
tion occurs at Saturn, and its contribution to the magnetosphere’s dynamics is still
a highly debated topic.
The reconnection rate is reduced when the field lines on either side of the
magnetopause are not completely anti-parallel (Quest and Coroniti 1981). Theory
suggests that the occurrence of reconnection when the magnetic shear between the
two magnetic fields is not completely anti-parallel is also dependant on the plasma
β (Equation 1.40). Scurry et al. (1994) observed that large plasma β values in
the magnetosheath reduce the rate of reconnection at Earth. However it has been
argued that the difference of the β value between the two regions is more important
(Swisdak et al. 2010; Masters et al. 2012).
When the plasma β is vastly different between the two regions, a gradient
in density occurs, and particle diamagnetic drift will act to suppress reconnection
from occurring unless the magnetic fields are anti-parallel (Swisdak et al. 2003).
The theory of reconnection suppression states that the diamagnetic drift disrupts
the reconnection jets that are a result of reconnection and are required to conserve
the inflow of plasma (into the reconnection region). This can be seen in Figure 3.13.
When the magnetic fields are anti-parallel, the drift is perpendicular to the outflow
jets and so there is no disruption. However if the fields are not completely anti-
parallel (like in the illustration), the drift is no longer completely perpendicular to
the outflow jets and suppression can occur. The suppression of the outflow jets and
subsequently that of reconnection can be seen in two different planes in Figure 3.13.
The condition for reconnection to be suppressed occurs when:
|∆β| > 2L
di
tan
(
θ
2
)
(3.1)
where L is the scale length of the density gradient between the two regions, di is the
ion inertial length and equals c/wpi (wpi is the ion plasma frequency and c is the
speed of light), and θ is the angle between the magnetic field lines (Swisdak et al.
2010; Masters et al. 2012). This means that for large |∆β| across the magnetopause,
the angle between the magnetic fields must also be large for reconnection to proceed.
This β dependence is also supported by observations of reconnection in the solar
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Magnetic shears are based on average fields in 1-minute
intervals either side of the MPCL. This parameter space
is roughly separated into a region where the diamagnetic
suppression condition (given by equation (1)) is satisfied
(reconnection suppressed) and a region where it is not sat-
isfied (reconnection possible). Saturn’s low-latitude magne-
topause generally lies in the region where reconnection is
suppressed. The issue of W+ pressure inclusion does not
appear to strongly affect the range of |Db| covered by the
data points, and neither do estimates of the measurement
uncertainties (see auxiliary material). Comparing to Earth’s
magnetopause, if we assume a magnetospheric plasma b
equal to 0, the terrestrial boundary lies in the |Db| regime of
!0.1 to !10, where reconnection is possible for a larger
range of magnetic shears.
[17] Low plasma b and |Db| conditions appear to be
a necessary, but not sufficient, requirement for reconnec-
tion to occur [Phan et al., 2011]. The Cassini magneto-
pause crossing with evidence for reconnection reported by
McAndrews et al. [2008] was included in this study.
Although this crossing is not associated with a full plasma
b (and so is not shown in Figure 2c) it is associated with
a partial plasma b of 0.2 " 0.1. Since the typical partial
magnetosheath plasma b is !5, and full and partial b are
well correlated (see auxiliary material), it is very likely
that this magnetopause crossing corresponded to low-b
conditions in Saturn’s magnetosheath.
[18] To support these findings we simulated magneto-
pause reconnection in two dimensions using a PIC code
[Swisdak et al., 2003] (see auxiliary material). Two runs
were carried out: One where b either side of the current layer
was equal to 1 (“Case A”, Figure 4a), and one where the b
conditions were typical of Saturn’s magnetopause (10 and 1,
“Case B”, Figure 4b). In both cases an out-of-plane magnetic
field produced a magnetic shear across the layer of 120#.
Note that in Figures 4a and 4b the out-of-plane current
density is shown rather than the flow field. This is because
current density reveals the magnetic structure of the X-line
in more detail. We refer the reader to Swisdak et al. [2003]
for a detailed discussion and presentation of the flow field
in such simulations.
[19] Figure 4a shows that in Case A the structure of the
current sheet on either side of the X-line is similar, whereas
Figure 4b shows that in Case B the structure is more asym-
metric. The rate of increase of total reconnected magnetic
Figure 4. (a, b) Results of PIC simulations of magnetopause reconnection. Out-of-plane current densities are shown.
The configuration and coordinate system used in both panels is the same as that illustrated in Figure 3b. In Case A
the magnetic shear is 120# and the plasma b is equal to 1 on both sides of the current sheet; whereas in Case B the
shear is also 120#, but b is equal to 10 on one side and 1 on the other (typical conditions at Saturn’s magnetopause).
(c) Variation of total reconnected magnetic flux with simulation time for both cases.
Figure 3. (a) Schematic illustrating magnetic reconnection
at Saturn’s magnetopause (not to scale). (b, c) Schematics
illustrating the structure of the reconnection site and the dia-
magnetic suppression effect. The magnetopause current
layer is shaded gray.
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Figure 3.13: (a) An illustration of magnetic reconnection at Saturn’s dayside magne-
topause. (b and c) Illustr tions of the suppression of reconnection when there is a diamag-
netic drift that opposes the flow of the reconnection jets. The grey shading represents the
magnetopause current layer (Masters et al. 2012).
wind (Phan et al. 2010).
A diffe ence in plasma β across the reconnection layer t Earth results in re-
connection requiring shear angles between ∼90◦−270◦, with the highest reconnec-
tion rates being observed during southward IMF (Burton et al. 1975; Mozer and
Retino` 2007). A large difference in plasma β across the magnetopause occurs due
to high Alfve´nic Mach numbers (MA) in the solar wind, which produce high-β mag-
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H2
+/He++ pressures on both sides of the MPCL for 70 of
these 387 crossings.1
[11] Reliable thermal W+ moments in the magnetosphere
are only available at 15 of the 70 crossings, and at 10 of
these also in the magnetosheath (likely due to finite gyro-
radius leakage through the MPCL). The paucity of reliable
W+ moments may be due to W+ densities below the IMS
detection threshold in the vicinity of the magnetopause, or
the limited energy range of IMS [Thomsen et al., 2010].
When measured, the thermal W+ pressure was !10% of
the total plasma pressure in the magnetosphere and !2% of
the total plasma pressure in the magnetosheath.
[12] We note that the lack of simultaneous observations
of conditions on either side of Saturn’s MPCL may affect
our results. Furthermore, mirror mode waves in Saturn’s
magnetosheath can produce large variations in the local
plasma b [e.g. Violante et al., 1995]. 1-second cadence
magnetic field data taken during the 15-minute magne-
tosheath intervals used in this study define a mean field
strength perturbation (dB/B) of 0.36, confirming that mirror
mode waves can strongly influence magnetosheath b con-
ditions. However, we argue that the number of crossings
used in this study account for these temporal variability
issues, revealing the prevailing b conditions (see error
analysis in auxiliary material).
3. Implications of Plasma b Conditions
for Magnetopause Reconnection
[13] Histograms of plasma b measured in the magne-
tosheath and magnetosphere adjacent to Saturn’s magneto-
pause are shown in Figures 2a and 2b. Figure 2a includes all
70 crossings, whereas Figure 2b only includes crossings
with magnetospheric W+ pressures. These measurements
reveal a typical plasma b in Saturn’s magnetosheath of !10,
with extreme values of order 1 and of order 100. In Saturn’s
magnetosphere the plasma b is typically !2, ranging
between extreme values of !0.3 and of order 10. These
ranges do not appear to be sensitive to the inclusion of
thermal W+ pressures. For 93% of the crossings b was
higher in the magnetosheath than in the magnetosphere.
[14] The plasma b in Earth’s magnetosheath immediately
adjacent to the terrestrial magnetopause is typically !1, with
extreme values of order 0.1 and of order 10 [Trenchi et al.,
2008]. Our results confirm that Saturn’s magnetosheath
is a higher plasma b environment than Earth’s magne-
tosheath. Reconnection at Earth’s magnetopause is more
likely to occur when the magnetosheath plasma b is below
!2 [Paschmann et al., 1986; Trenchi et al., 2008], sug-
gesting that reconnection at Saturn’s magnetopause is most
likely to occur when the Saturnian magnetosheath plasma b
is relatively low (see Figure 2a).
[15] The theory of diamagnetic suppression of reconnec-
tion suggests that a higher |Db| across the current layer is
less favorable for reconnection [Swisdak et al., 2003, 2010].
The principle underlying diamagnetic suppression is that the
drift of charged particles within a current sheet can disrupt
the reconnection jets, suppressing reconnection when this
disruption is sufficiently large. When the reconnecting fields
are perfectly anti-parallel the drift with respect to the X-line
is perpendicular to the reconnection jets (outflows); how-
ever, when the fields are not anti-parallel the drift has a non-
zero component along the outflow direction, promoting
outflow on one side of the X-line and opposing it on the
other (Figures 3b and 3c). Reconnection is suppressed when
this component of the drift is greater than the speed of the
outflows, and the following condition is satisfied:
Dbj j > 2L
di
tan
q
2
! "
; ð1Þ
where L is the width of the density gradient layer across the
current layer, di is the ion inertial length, and q is the mag-
netic shear across the current layer. Note that this is the
general diamagnetic suppression condition, introduced by
Swisdak et al. [2010] and tested by Phan et al. [2010].
[16] Figure 2c shows the measured conditions at Saturn’s
magnetopause in |Db|-magnetic shear parameter space.
Figure 2. (a, b) Plasma b conditions at Saturn’s magnetopause. (c) Assessment of diamagnetic suppression of reconnection
using the 70 crossings represented in panel a. The color of the data points indicates whether reliable W+ moments are avail-
able in both the magnetosheath and magnetosphere (black), the magnetosheath only (blue), the magnetosphere only (red), or
neither (gray). The solid curve corresponds to a current sheet thickness L = 1 di, and the dashed curves on the left and right of
it correspond to L = 0.5 di and L = 2.0 di, respectively.
1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL051372.
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Figure 3.14: The results from magnetopause crossings at Saturn by Masters et al. (2012).
(a and b) the plasma-β conditions at Saturn’s magnetopause, (c) The result of the condition
in Equation 3.1 for reconnection suppression for the magnetopause crossings with |∆β|
plotted against θ, and the lines of suppression. The colours show whether reliable plasma
pressures for the water group ion species (W+) were available for both magnetosheath and
magnetosphere (black), the magnetosphere only (red), the magnetosheath only (blue) or
neither (grey). The dashed lines represent L = 0.5di and L = 2di for the left and right
respectively. The solid line represents L = di.
netosheaths (Slavin et al. 1984). In comparison, MA in the solar wind (SW) at
Mercury is lower, and r connection is possible for v ry l w shear angles (Slavin
t al. 2014).
Solar wind MA increases with increasing distance from the Sun, and so the dif-
ference in β across the reconnection layer is very large at Saturn (Scurry and Rus-
sell 1991). Masters et al. (2012) investigated this by analysing 520 magnetopause
crossings made by Cassini between June 2004 and August 2007. By measuring the
conditions on either side of the magnetopause, the authors were able to calculate the
|∆β| across the boundary. The results f om the study are pres nted i Figure 3.14.
Figure 3.14a) and b) show that the β has a wide range of values for both the
magnetosphere and magnetosheath, but the magnetosheath has considerably higher
average values. Panel c shows that for many (if not most of the crossings) the condi-
tions for reconnection suppression are satisfied. Masters et al. (2012) therefore argue
that conditions at Saturn’s magnetopause mostly do not allow reconnection to take
place and that “we should not assume that the nature of this coupling [reconnection
between solar wind and magnetosphere] is always Earth-like”.
This idea is further highlighted with the observational search for flux tra sfer
vents (FTEs). FTEs are twisted magnetic field lines in a li al structure, which
are produced during reconnection. This phenomenon has often been observed at
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Earth (e.g. Russell and Elphic 1978; Fear et al. 2005, 2008, 2009; Owen et al. 2008)
and at Mercury (e.g. Slavin et al. 2010, 2012). However a study by Lai et al. (2012)
surveying magnetopause crossings did not confirm any observations of flux transfer
events at Saturn during the Cassini era. A limitation of the work of Lai et al.
(2012), is that their surveyed locations were limited to the equatorial regions and
they do not cover higher latitudes. Huddleston et al. (1997) found evidence for
FTEs at Jupiter, but none at Saturn. They report evidence for reconnection via
the observation of a rotational discontinuity at Saturn. The low-latitude boundary
layer between the magnetopause and the magnetosphere also has been observed
not to vary in thickness for different IMF orientations (Masters et al. 2011a,b),
unlike at Earth where it is found to be thinner when the IMF is anti-parallel to
the magnetospheric field (due to the erosion of the open magnetic field lines) (e.g.
Sˇafra´nkova´ et al. 2007).
However, this is not to say that reconnection does not happen at all, just that
it is not as common as at Earth, is not necessarily Earth-like, and that its effect
on the dynamics of the kronian magnetosphere is thus not necessarily analogous
to the terrestrial system. Modelling of the possible areas where reconnection can
occur has shown that reconnection is favoured in regions away from the subsolar
regions and located more poleward (Desroche et al. 2013). This result is supported
by independent global MHD simulations (Fukazawa et al. 2007).
Although no FTE signatures have been found, other evidence for reconnection
occurring at Saturn has been reported. In situ observations near the magnetopause
of heated electrons, suggestive of reconnection occurring, have been reported at
Saturn (McAndrews et al. 2008).
There is also evidence of reconnection in the auroral observations in the form
of ionospheric signatures (Radioti et al. 2011, 2013). The reconnection signatures
in the aurora take the form of poleward bifurcations of the main auroral oval. The
bifurcations occur between 1200-1800 local time (see Figure 3.15). Also reported in
more detail is a set of observations from July 13th 2008. In the auroral observations
the bifurcations are seen to originate from the main oval, and then depart poleward
from it with time. During this time the oval also increases in area suggesting that
open flux in the pole is increasing due to ongoing dayside reconnection. The width
of the bifurcations suggests that reconnection is occurring along the magnetopause,
96 Chapter 3. Saturn and its Magnetosphere
analysis of the bifurcations observed on July 13, 2008 shown
in the sequence of Figure 1.
3. Ionospheric Signatures of Consecutive
Reconnection Events at Saturn
[7] We suggest that the bifurcations reported here are
related to consecutive reconnection events at the magneto-
pause. The sketch in Figure 3 illustrates the concept of
reconnection near Saturn’s magnetopause (adapted to Saturn,
from Lockwood and Wild [1993]). Reconnection at the
“x point” produces a pair of bubbles of mixedmagnetospheric
and magnetosheath plasma. The bubbles are connected to
field lines of newly opened flux produced by the reconnec-
tion. The ionospheric footprint of the newly open field lines
is indicated on the sketch.
[8] If the auroral features under study are the ionospheric
signatures of consecutive reconnection events at the magne-
topause of Saturn, they should represent the total magnetic
flux opened during dayside reconnection processes. In order
to estimate the location of the OCFLB we use a cut‐off
intensity, which corresponds to an average value of the day
and night glow emission. The day and night glow emission
used as threshold is selected manually on each image. This
method is slightly different from previous studies [Badman
et al., 2005] which determined the boundary by looking for
a sharp increase in the emission intensity between the polar
region and the auroral zone. In some local time regions where
there are no auroral features distinguishable the authors
estimated the boundary by extrapolating from earlier and later
magnetic local times. In the present study, we define the
region, which we term the “dim polar region”, as the region
within which the emission intensity does not exceed the level
of day and night glow background emissions. Our threshold
does not depend on the maximum auroral intensity along a
longitudinal cut, which is changing significantly with local
time. The Cassini UVIS data set, because of the instrument’s
observing geometry and low sensitivity threshold, allows
someone regularly to define the boundary at all local times. For
clarity, we consider that each image represents an instanta-
neous snapshot of the aurora even though, as mentioned
before, each image of this sequence is coveredwithin∼6.6min.
This simplifying assumption does not affect significantly our
analysis since the features under study, the bifurcations, are
observed to last a couple of hundreds of minutes and do not
evolve significantly within timescales of few minutes. We
assume that the main ring of emission is associated with the
OCFLB, as several studies have previously shown [e.g.,Bunce
et al., 2008; Talboys et al., 2009], consequently the region
poleward of it should represent the region of the openmagnetic
flux, which is commonly associated with the polar cap.
Accordingly, auroral features that are observed inside the polar
cap are at the foot of open field lines (see sketch in Figure 3).
In the following we consider that the bifurcations reported
here represent open flux. The “dim polar region” corresponds
to the polar cap with the exception of the case where emission
features are observed poleward of the main ring which could
be related to open flux such as the bifurcations. In such cases
the polar cap extends beyond the “dim polar region” and
covers the area of the bifurcations.
Figure 3. Schematic illustration of reconnection at Saturn’s
magnetopause (adapted from Lockwood and Wild [1993]).
The dot marks the position of the reconnection site. Closed
field lines are converted to open. A pair of bubbles of mixed
magnetospheric and magnetosheath plasma is produced and
moves away from the reconnection site, as shown by the
arrows. The ionospheric footprint of the newly open field
lines is indicated.
Figure 2. Polar projections of Saturn’s northern and southern aurora taken on August 26 2008 (DOY 239),
September 10 2008 (DOY 254), and January 21 2009 (DOY 021) with the UVIS instrument onboard
Cassini. The arrows indicate the bifurcations observed in the afternoon sector.
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Figure 3.15: Observations by UVIS onboard Cassini of Saturn’s northern and southern
aurora (labelled, N or S in the top right corner). T e arrows sh w the bifurcations identified
by Radioti et al. (2011).
along a length of ∼4hours in local time (LT).
Evidence for reconnection in the auroral ata have also been supp rted by
simultaneous in situ observations. Badman et al. (2013) reported bursts of mag-
netospheric electrons on reconnec ed field lines in the magnetosheath, as well as
evidence of bifurcation and cusp spots in th urora. Auroral footpri ts of the
cusp at Saturn were first reported from observations in 2004, during the Hubble
Space Telescope (HST)-Cassini ca paign, whereby the HST imaged Saturn’s poles
and Cassini m itor d solar ind conditions. This occurred in the months prior to
Cassini’s Saturn orbit insertion (SOI). Ge´rard et al. (2005) present the HST data
and noticed a large spot slightly poleward of the main auroral oval (see Figure 3.16).
The spot was attributed to electron precipitation from the cusp resulting in transient
aurora being produced.
These investigators imposed strict criteria in order to discriminate between the
cusp and p ssible e ission occurring due to subcorotating auroral ‘spots’ near the
ain auroral oval. The first criterion is that the cusp emission must stay fixed in
the local time over ∼45min of the observing interval, so that it is not confused with
subcorotating spots. The second criterion is that the brightness of the emission
must be at least twice as intense as that of the background (Ge´rard et al. 2004,
2005). During the time of this observation, Cassini data was used to estimate that
the dayside reconnection voltage was high with a southward IMF, resulting in high
latitude reconnection which is consistent with the cusp emission seen poleward of
the auroral oval.
Reconnection in the magnetotail has also been investigated (Jackman et al.
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Figure 3.16: A HST image of Saturn’s southern pole from the 21 January 2004, as viewed
from the northern pole (as if looking through the planet). Noon is located at the bottom
of the image with dawn and dusk at the left and right sides of the image respectively. The
auroral oval can be seen as a ring, with the bright spot just poleward of the oval at midday
being identified as caused by cusp electron precipitation (Ge´rard et al. 2005).
2007, 2008). Jackman et al. (2011) showed that the number of plasmoids observed
is lower than the expected ∼2.2 plasmoid ejections per day required at Saturn to
match a Dungey Cycle timescale of ∼6 to 10 days. Badman et al. (2014) calculated
open flux estimates from a survey of auroral images. They reported the typical
amounts of flux closed (∼13% of the open flux content) between observations is
much smaller than at Earth, and there can be a short-term imbalance between open
flux creation and closure in the tail. This is due to the large timescales of flux
transport. All of the above evidence suggests that the Dungey Cycle at Saturn
over large timescales is not as ‘enthusiastic’ as the Cowley et al. (2005) picture may
suggest, and that a more dampened cycle combined with the Vasyliu¯nas Cycle exists
at Saturn.
This thesis contributes to the ongoing discussion on magnetic reconnection with
the analysis of the cusp observations at Saturn.
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Chapter 4
Cassini and its Instrumentation
The Cassini-Huygens Mission is one of the most successful planetary missions ever
undertaken. It is an international flagship mission with an estimated cost of over $3
billion. The mission consists of an orbiter (Cassini) and a probe (Huygens). Cassini
was built at NASA’s JPL and the Italian Space Agency built the radio equipment
and the high gain antenna. Although Cassini was mainly built in the USA, many of
the instruments were built in Europe through collaborations. The Huygens probe
was built by the European Space Agency (ESA) in order to probe the atmosphere
of Saturn’s largest moon Titan, as well as land on its surface. It is named after
Titan’s discoverer, Christiaan Huygens. An image of the spacecraft (with the probe
attached) during spacecraft vibration and thermal testing can be seen in Figure 4.1.
The interplanetary spacecraft is one of the largest and heaviest ever built (∼6 tonnes
including propellant), with a height of 6.7 m and width of 4 m.
The mission was launched on the 15th of October 1997. With gravity assists
from flybys of Venus (twice), Earth and Jupiter, the Cassini-Huygens mission finally
entered Saturn’s orbit on the 1st of July 2004 (Russell 2003). The Huygens probe
successfully landed on Titan on the 14th of January 2005. Cassini completed its
initial prime mission in June 2008, and then its first extended mission (the “Cassini
Equinox Mission”) in 2010. Equinox occurred in August 2009, with the initial mis-
sion occurring during southern summer at Saturn. Cassini is currently in its second
extended mission (“Cassini Solstice Mission”), which will end in September 2017.
The “Grand Finale” will include a set of proximal orbits which will be highly in-
clined and will cross between the planet and the innermost ring (D-ring), and the
mission will end with the spacecraft entering the planet’s atmosphere. Many dif-
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Figure 4.1: Cassini during spacecraft vibration and thermal testing (Credit: NASA)
ferent scenarios for the end of the mission were proposed, however the use of the
spacecraft as a planetary probe was evaluated to be the best for science return as
well as the best use of the low levels of propellant (to ensure that there is no risk of
collision with Titan or Enceladus). When this occurs, Cassini will have performed
the longest observation of a planet (apart from Earth) by a single spacecraft. Sat-
urn’s orbital period is ∼29.5 years, and so by the end of the mission, Cassini will
have been at Saturn for almost half a Saturnian year. Such a timescale allows for
the study of seasonal as well as solar cycle changes (timescales of ∼11 years) at the
Saturnian system.
The primary objectives of the mission are: (i) investigate Saturn’s atmosphere
and weather system, (ii) observe the ring systems and their interaction with the local
environment, (iii) make flybys of the many moons, and (iv) study the dynamics and
structure of the magnetosphere as well as its coupling to Saturn’s ionosphere and
interactions with the moons and rings. In order to perform these tasks, Cassini is
armed with twelve instruments (and Huygens with six).
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Figure 4.2: A schematic of the Cassini spacecraft with the Huygens probe attached. From
Burton et al. (2001).
Onboard Cassini is a suite of instrumentation (see Figure 4.2) designed to take
in-situ measurements of the local region in space as well as remote sensing instru-
mentation. The instrument particularly relevant to this thesis is the Cassini Plasma
Spectrometer (CAPS). CAPS is formed of three sensors: the Electron Spectrometer
(ELS), the Ion Mass Spectrometer (IMS) and the Ion Beam Spectrometer (IBS).
The ELS was built at MSSL. Much of the work that is discussed in this thesis in-
volves the ELS and the IMS, whilst IBS is not used and is not discussed further.
Observations from the magnetometer (MAG) are also used and discussed in this
thesis, with more in-depth analysis discussed in the final research chapter. Finally,
data from the following instruments are used to complement CAPS and MAG ob-
servations: the Magnetospheric Imaging Instrument (MIMI) and the Radio Plasma
Wave Science (RPWS) instrument. MIMI, like CAPS, is composed of three sensors:
the low-energy magnetospheric measurement systems (LEMMS), the charge-energy-
mass spectrometer (CHEMS) and the ion and neutral camera (INCA). INCA is not
used and therefore not discussed further.
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Figure 4. Location and orientation of CAPS on the Fields and Particle Pallet. Note the definitions of
azimuth (in the spacecraft X–Y plane) and elevation (parallel to the spacecraft Z-axis) angles. These
will be used throughout the paper to describe instrument orientations and fields-of-view (FOV).
larger than shown here because of multi-layer thermal insulation blankets that stand
off from all spacecraft surfaces by ∼5 cm.
4. Electron Spectrometer
4.1. PRINCIPLES OF OPERATION
The ELS sensor (Figure 6) is a hemispherical top-hat electrostatic analyzer (ESA)
similar to that described by Carlson et al. (1983). Its implementation is based closely
on the High-Energy Electron Analyzer (HEEA), part of the Cluster Plasma Electron
and Current Experiment (PEACE) (Coates et al., 1992; Johnstone et al., 1997). The
ELS energy range and angular field-of-view (FOV) overlap considerably with the
MIMI/LEMMS solid-state electron detectors (Krimigis et al., 2004), producing
complete coverage on Cassini from 1 eV to ∼250 keV with no gaps.
Figure 4.3: A diagram of the ‘Fields and Particle Pallet’ onboard Cassini. Taken from
Young et al. (2004).
Cassini is not a spin-stabilised spacecraft. This means that the spacecraft does
not spin, and as a result the actual relevant instrumentation onboard does not have
a 4pi steradian field of view (FOV), i.e. not all the surrounding area is sampled.
Cassini is a three-axis stabilised spacecraft. This means it either requires thrusters
or reaction wheels to change its attitude. The spacecraft only spins occasionally
during periods of downlink connection with the Earth.
4.1 Cassini Plasma Spectrometer (CAPS)
CAPS is located on the ‘Fields and Particle Pallet’ (FPP) of Cassini (see Figure 4.3),
which is located on one of the sides of the spacecraft. The ELS and IMS are mounted
on top of each other and are aligned so they look in a similar direction (see Fig-
ure 4.4). Ideally CAPS would have a 4pi steradian FOV, to observe particles from
all directions simultaneously, however it does not. Therefore CAPS is mounted on
an actuating platform that moves at 1◦ per second to increase the angular coverage.
The instruments and their instantaneous FOV in relation to the FPP and the space-
craft are highlighted in Figures 4.5 and 4.6, respectively. With the magnetometer
boom pointing in the YSC direction (in spacecraft-centered coordinates), and the
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Figure 37. Photograph of the CAPS flight model prior to delivery to the Cassini spacecraft.
The presence of the ACT complicates thermal design because its bearings ther-
mally isolate CAPS, which dissipates a maximum of 21 W, from the FPP. There-
fore, the CAPS temperature is controlled independently of the spacecraft through
a dedicated radiator (on the +X surface of the DPU) and electrical heaters in the
instrument. The CAPS radiator is sized so that operations during the mission result
in average instrument temperatures between −20 C and +30 C.
The bottom of the DPU structure is attached to a mechanical transition plate
that provides attachment points connecting the DPU to the ACT assembly (Section
7.4). Six mounting feet on the base of the ACT secure CAPS to the FPP. During
all test and launch activities, whenever the ACT was operated, it was done so in
an upside-down configuration (see Figure 3). After final mechanical properties
were measured, the transition plate was drilled such that the center of mass of the
rotating portion of CAPS was positioned at the center of rotation of the ACT. This
technique made it relatively easy to meet spacecraft static and dynamic balance
requirements (<0.090 kg m and <0.060 kg m2, respectively), permitting CAPS
to actuate during periods when optical remote sensing (ORS) observations and
Figure 4.4: The CAPS instrument photographed before launch, taken from Young et al.
(2004).
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Figure 2. Schematic showing Cassini Plasma Spectrometer (CAPS) fields of view and Cassini spacecraft 
coordinates. 
ordinate system, and the spacecraft was oriented with the high 
gain antenna directed toward the Sun for the entire swing-by 
(Figure 2). During the swing-by, Cassini performed two 90 ø 
rolls. The first occurred between 2100 and 2200 UT, August 
17, 1999, before entering Earth's magnetosphere. Following 
this maneuver ELS (which had zero degree actuator angle 
along the spacecraft's negative y axis) sampled around the y 
GSE direction, as shown in Figure 2. For the entire swing-by 
anode 8 was directed sunward (offset by 10 ø) and anode 1 
was directed antisunward. A second 90 ø roll between 0600 
and 0700 UT on August 18 took ELS 0 ø along the negative z
GSE axis. Cassini then remained in this orientation as Cassini 
passed down Earth's tail. 
In this analysis we have used the geometric factor found by 
simulation and an assumed estimated combined efficiency of 
grid and microchannel p ate (MCP) of 60% giving a total 
geometric factor = 1.02 x 10 -3 cm 2 sr (eV/eV) per 20 ø anode 
[Linder et al., 1998]. During the ESB, CAPS operated in one 
of two telemetry modes. One of 16 kb s 4 where all sweeps 
were transmitted or one of 2 kb s 4 where the sixteen 2 s 
sweeps were averaged on board into three summed energy 
sweeps made up of two 5 sweep (10 s) averages and one 6 
sweep (12 s) average. 
3. Overview of Results 
During the ESB phase, ELS began taking data in the solar 
wind, at 1330 UT, August 17, 1999, •65 RE upstream from 
Earth. After spending almost 9 hours in the magnetosphere 
and covering a spatial extent of 82 RE Cassini left the Earth's 
magnetosphere for the last time at 1048 UT, August 18. 
General solar wind conditions from 1800 LIT, August 17 to 
1800 LIT, August 18, as measured at ACE were a high (700 
km s 4) speed stream of low density (~2 cm '3) overtaking a 
slower stream. The leading edge of the faster stream starting 
at 4)015 UT, August 18. The field conditions were mostly 
steady around 9 nT with Bz GSE fluctuating between 5 and -7 
nT. Table 1 summarizes the times and radial positions of 
Cassini when the spacecraft crossed various magnetospheric 
boundaries. A potential deep tail crossing 27 days later on 
September 14, 1999, at around 6000 RE downtail has been 
examined by various instrument eams and is discussed 
briefly below. 
A number of plots with which the various regimes ampled 
by Cassini will be subsequently analyzed are shown in Plates 
1-6. An electron energy-time spectrogram for 6 hours of the 
Earth swing-by is shown in Plate 1, labeled to show the main 
boundaries and regions observed. The x axis is time from 
midnight to 0600 UT, August 18, the y axis shows the energy 
of the detected electrons in eV, and the colors indicate counts 
on anode five per accumulation i terval, averaged over one A 
cycle, with data gaps indicated by the white areas. 
Modulation in the data with a 4 min period is due to actuator 
motion. The same time period for all eight anodes is shown 
in Plate 2. Plate 3 shows the period 0600 - 1200 UT, August 
18. Counts versus energy plots for selected times are shown 
in Plate 4. It can be seen that the data are affected by anode 
and actuator position. We register fewer counts at positive 
actuator angles (in the direction of the Huygens probe 
mounted on the spacecraft) and generally fewer counts with 
decreasing anode number (sampling antisunward). 
To investigate how the observed electrons are aligned 
relative to the magnetic field Plates 5 and 6 are spectrograms, 
made up of 63 horizontal bands, separated by white hnes. 
These show pitch angle distributions for each of the 63 energy 
channels, for 12 hours of the flyby from 0000 to 1200 UT, 
August 18. Axes are energy (keV) versus time (hours), and 
the colors indicate the differential energy flux (proportional to 
Figure 4.5: Schematic of the location of CAPS onboard Cassini, and the field of view of
the instrument (shaded arc). Taken from Rymer et al. (2001).
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Figure 5. All-sky projection of the CAPS IMS field-of-view. Encroachment on the CAPS FOV are
caused by surrounding spacecraft structures (shaded areas). Similar encroachments occur for IBS and
ELS sensors.
Electrons enter the sensor via a grounded baffle (Figure 6) and then pass between
concentric hemispherical electrostatic analyzer (ESA) plates before impacting on
an annular micro-channel plate (MCP) detector. Angular and energy resolution
of the ELS are determined by the relative spacing between the two concentric
hemispheres, R0/!R. In addition, the analyzer energy acceptance is proportional
to R0/!R times the voltage applied to the inner hemispherical plate. An energy
spectrum is obtained by changing the voltage on the inner hemisphere in dis-
crete, programmable steps. Electron direction of arrival in elevation is determined
from the position at which it strikes the detector, recognized by the anode posi-
tioned behind the MCP (Figure 7). A number of innovative aspects from PEACE
have been incorporated in the design of the ELS analyzer, including reduction of
photoelectron susceptibility (Alsop et al., 1998) and high-relative mechanical ac-
curacy (Woodliffe and Johnstone, 1998) that minimizes errors in electron energy
measurements.
When operating, the ELS executes consecutive energy sweeps in which the
selected energy (voltage) is held for a fixed accumulation time (31.25 ms) and then
stepped down to the next level. One quarter of the accumulation interval is dead time
that permits readout of the detector counters and settling of the sweep high voltage.
Figure 4.6: The projected FOV of the IMS, and the obscuration by other parts of the
spacecraft. Taken from Young et al. (2004).
high-gain ante na directed in the −ZSC irection, the FOV of CAPS is in the Y−Z
plane, with a maximum actuation angle of ±104◦ possible in the X−Y plane (around
ZSC).
The FOV of IMS is shown in Figure 4.6, and presents how parts of the FOV
are obscured by other instruments on the FPP, and components of the spacecraft
(such as the high-gain antenna [HGA], and the radioisotope thermoelectric generator
[RTG] shield). The bs ructions are very similar for th ELS FOV.
4.1.1 Electron Spectrometer (CAPS-ELS)
ELS is a hemispherical top-hat electrostatic analyser (ESA) that measures electron
flux as a functio f energy per charge, and the angle of rrival of the el ctrons. The
energy range that the electrons are observed over is 0.58−28250 eV/q (Linder et al.
1998; Young et al. 2004). Particles enter the instrument through a baﬄe, located
at the top of the ELS (see Figure 4.7). The baﬄe and the internal surface of the
instrument are covered with a black coating to reduce particle scattering by ab-
sorption of photoelectrons and solar photons. The electrons then pass between two
concentric electrostatic plates (labelled ESA in Figure 4.7), one which is grounded
and the other which is positively charged, creating a potential difference between
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the plates. Negatively charged particles with a specific range of energies-per-charge
will thus be deflected by the potential difference, whilst particles with other energies
will impact the surface of the analyser. The voltage across the plates can be changed
to differ the energy-per-charge of the observed particles that exit the analyser and
are counted.
The trajectories of the particles (with the correct energies) are then accelerated
through a grid and led through to two microchannel plates (MCPs). The accelerated
electrons striking the MCP cause a cascade of secondary electrons. The number of
secondary electrons produced by the impact of one incident electron is called the
‘gain’ and is usually of the order of ∼106 electrons. The secondary electrons are
collected by eight anodes arranged in an arc formation. The anodes each cover a
FOV of 20◦× 5◦(the sensitivity of which is not uniform but Gaussian). This provides
ELS with a complete instantaneous FOV of 160◦× 5◦. Depending on which anode
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Figure 3. Optical layout, fields-of-view, and key sensor elements of CAPS shown in the X–Y (az-
imuthal) plane of the spacecraft (see Figure 4). Cross-hatched areas Figure 3 indicate sensor electronics
subsystems. Heavy dashed lines suggest the general shape of particle trajectories.
separate ions by E/Q and angle of arrival, but then in addition disperse them by
time-of-flight (TOF) in a novel high-resolution mass spectrometer. IMS is capable
of separating major ion species to ∼1% of the total flux, and minor ion species to
∼0.1% or better of the total flux.
An important design consideration is the location of CAPS on the spacecraft
(Figure 4). Of particular concern was obtaining good separation from the main
Cassini engines and thrusters (potential sources of chemical contamination), sep-
aration from the radioisotope thermoelectric generators (potential source of pen-
etrating background radiation), and separation from any sources of electrostatic
charging. With all these considerations in mind, the best location for CAPS turned
out to be on the underside of the fields-and-particles pallet (Figure 4) adjacent to
the MIMI/CHEMS instrument (Krimigis et al., 2004) and just below the INMS
(Waite et al., 2004). Although meeting all of the above criteria for location, CAPS
still did not have an acceptable field-of view because it was fixed to the spacecraft
body and thus could only view in directions constrained by spacecraft orientation.
In order to counteract this limitation, the CAPS sensors were mounted on a rotating
Figure 4.7: The layout of the ELS, IMS and IBS that make up CAPS, shown in the
spacecraft X-Y plane. The bold dashed lines represent the particles trajectories within the
instruments. Taken from Young et al. (2004).
106 Chapter 4. Cassini and its Instrumentation
observes the electrons, the direction of the incoming electrons can be registered.
The potential across the analyser plates is varied quasi-logarithmically (it is
linear at low energies-per-charge) between 64 energy steps, from the highest energy
bin to the lowest (63rd). The 64th bin is used to switch back to the highest energy
bin, and is called the ‘fly back’. The ELS has a energy passband (i.e an energy reso-
lution) of ∆E/E=0.17. The lower energy bands are closer together, which produces
a higher resolution. The total time required to complete a full energy sweep is two
seconds (31.25 ms per sample).
The raw counts from the observations are converted into calibrated quantities
using the ‘geometric factor’ (G) which is dependant on the area and solid angle of the
instrument aperture, the post-acceleration grid efficiency and the MCP efficiency.
The geometric factor is calculated from pre- and post-launch calibration tests as
well as simulations, including calibration comparisons with other instruments. A
detailed explanation can be found in Lewis et al. (2010), who define the geometric
factor as:
“...the relationship between the number of electrons entering the instru-
ment and the number being measured by the instrument.”
The electron observations made by the instrument are then passed to the data
processing unit (DPU), to be processed and packaged for transmission back to Earth.
The data is arranged into ‘A’ and ‘B’ cycles. A-cycles contain 16 energy sweeps,
so take a total of 32 seconds. B-cycles are (usually) made up of eight A-cycles.
For telemetry purposes sometimes several sweeps are summed together resulting in
longer time resolutions.
In this thesis the data from the ELS are presented with the background (and
spacecraft photoelectrons - explained below) subtracted using a signal-to-noise ratio
threshold of 0.5.
4.1.2 Spacecraft Potential
Spacecraft can become positively or negatively charged depending on the plasma
environment that they are immersed in (Whipple 1981). The spacecraft potential
does not change when the net current:
Ii + Ie + Ipe + Ise = 0 (4.1)
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where Ii and Ie are the ion and electron currents, Ipe is the photoelectron current,
and Ise is the secondary electron current.
Solar irradiation can free electrons from the spacecraft surface via photoemis-
sion. Secondary electrons can be produced when electrons from the ambient plasma
strike the spacecraft, causing electrons to be emitted from the surface. This creates a
potential difference between the spacecraft and the surrounding environment. This
means that the electrons observed by the ELS from the plasma environment are
accelerated towards the instrument and so are observed with an increased energy,
with the increase equivalent to the spacecraft potential (for singly charged parti-
cles). Photoelectrons with energies higher than the spacecraft potential (usually
∼10 eV) can escape the spacecraft. However, those that do not are observed by the
instrument.
The spacecraft can also be negatively charged during eclipses or whilst in very
dense plasma environments. This occurs when there are more electrons attaching
themselves to the spacecraft than photoelectrons produced, causing the spacecraft
to become negatively charged. This results in electrons being decelerated whilst
entering the instrument, or altogether repelled from the spacecraft.
4.1.3 Ion Mass Spectrometer (CAPS-IMS)
The IMS observes positively charged ions with energies of 1−50280 eV/q. The IMS
also provides compositional information of the atomic and molecular ions. The
information IMS can provide about the ions observed is produced as a function of
energy per charge, direction of observation, and mass per charge.
Similar to ELS, ions enter the IMS and pass through an ESA which, in the IMS
is toroidal. There is a voltage applied to the inner plate that deflects the ions of
particular energies within the toroid. The selected ions then exit the ESA and are
accelerated through one of eight carbon foils at the entrance of the time-of-flight
(TOF) analyser (see Figure 4.7). On passing through the carbon foil, secondary
electrons are produced which are then measured by the straight-through (ST) MCP
where the ‘start’ time is recorded.
The TOF analyser is a cylinder with a linear electric field (LEF) arranged in
rings on the outside. Ions with energies-per-charge less than 15.5 keV/q undergo
sufficient deflection that their trajectory is bent by almost 180◦ and are detected
by the LEF MCP (located at the top, Figure 4.7). Ions of higher energies per
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charge (>15.5 keV/q) pass straight through (ST) to the MCP at the bottom of the
instrument and a ‘stop’ time is recorded. Monatomic ions hit an MCP and their
mass-per-charge is calculated from the TOF (IMS is unable to identify the mass or
charge seperately). For molecular ions the identification of the mass-per-charge is
more complicated. Polyatomic ions break up whilst passing through the foils, and
their fragments are detected by either the LEF MCP or ST MCP, or both (and a
‘stop’ time is recorded). The pattern of detections from the daughter particles is
then recorded and passed onto the spectrum analyser module (SAM) which identifies
the original ion from a look-up table. TOF accumulation occurs over a period of a
B-cycle (256s). However it is usually summed over two or four B-cycles. The data
reduction software (presented at COSPAR) written by Reisenfeld et al. (2008) is
used to produce the ion counts from TOF.
The FOV of the IMS is made up of eight anodes each observing 20◦-8.3◦, making
up a total FOV of 160◦−8.3◦. Each anode corresponds to a 20◦ portion of the
acceptance of the entry baﬄe, so the arrival direction of the electron is known as it
will be recorded by a specific anode. The ESA voltage is varied to measure energy-
per-charge ions in 63 logarithmic bins from 1 to 50280 eV/q, taking four seconds.
The energy resolution is the same as the ELS: ∆E/E=0.17.
Recently it has come to light amongst the CAPS team that the timing of the
TOF data products do not always match the ion IMS counts. This issue has yet
to be resolved, with no clear constant global offset reported. In the work of this
thesis, the TOF timings are always compared to the ion spectrogram, and I match
the TOF times myself. This is usually done by comparing the time of when the
spacecraft is in the cusp (from the spectrogram) and when it enters the polar cap
where counts drop to background levels, so the difference in counts is most clear.
In all the examples presented for the cusp, the TOF timings appear to be shifted
forward by one B-cycle, so the timestamps are not of the start but are of the end of
the data product. Therefore, for all the examples used, the timestamp in the data is
used for the end of the data product, and the start time is taken as the timestamp
from the previous data product.
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Figure 3.4: Ultra Electronics photograph of the fluxgate magnetometer
(FGM) sensor, with its cover removed, and electronics board (Dougherty
et al., 2004).
The Cassini FGM operates closed-loop design. The filtered and ampli-
fied output from the sense winding is integrated and fed back into the sense
winding which acts to null the ambient field in the core. This has the advan-
tage of improving the linearity of the instrument since the voltage from the
integrator is exactly that needed to null the ambient field.
The voltage output is converted into a digital signal by a 14-bit ADC and
is further processed by the Data Processing Unit (DPU). The size (in bits) of
the ADC limits the dynamic range and resolution of the field measurement,
for example 14 bits is only sufficient to record up to 16384nT with a resolution
of 1nT . To increase the resolution at different dynamic ranges, the gain of
the instrument is adjusted to provide a number of ranges. These are listed
in table 3.1. The DPU automatically sets the range of the instrument based
on the measured field.
The combined instrumental noise performance of the Cassini FGM is
better than 5pT/
√
Hz at 1Hz.
3.1.2 Cassini Scalar/Vector Helium Magnetometer
The Scalar/Vector Helium Magnetometer (S/VHM) is an optically pumped
magnetometer which can operate either in a scalar or vector mode and is very
similar to that flown on the Ulysses spacecraft. In fact, the instrument on
Cassini is the flight spare from Ulysses but with modifications to the instru-
Figure 4.8: A photograph of the MAG fluxgate magnetometer without its casing. Taken
from Dougherty et al. (2004).
4.2 Magnetometer (MAG)
The Cassini magnetic field investigation (Dougherty et al. 2004) is comprised of
a scalar/vector helium magnetometer (S/VHM) at the end of an 11m long boom,
and a fluxgate magnetometer (FGM) halfway along the same boom. Having two
magnetometers allows for the spacecraft-generated magnetic field to be more easily
removed from the observations, as well as aiding in calibration of the two instruments
as the outputs can be compared. Also, in the event that one of the magnetometers
fails, having a second allows for magnetic field observations to continue. This is in
fact what happened. The S/VHM failed in 2005, and therefore only data from the
FGM is used and further discussed in this th sis.
FGM was built at Imperial College and can be seen in the photograph in Fig-
ure 4.8 without its cover before launch. A fluxga e magnetometer is made of a
fe ro agnet c core that is then surrounded by two s ts f coils. A current i driven
through one of the coils (the ‘drive’ coil), which induces an alternating cycle of mag-
netic field saturation in the core. This alternating cycle drives the core to saturation
twice per cycle. The magnetic field in the core induces a current in the second coil
(the ‘sense winding’ coil). The current in the second coil is then compared to that
of the drive coil. If there is no external magnetic field present, then the currents in
the two coils should match. However if there is an external magnetic field then this
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forward-modelling method, first applied to the equatorial inner regions and then to the night-
side outer regions of the saturnian magnetosphere. They fitted Maxwellians to the observed
energy/charge spectra with each species represented by an anisotropic drifting Maxwellian.
Their forward modeling required that all species have the same bulk flow velocity but the ion
composition, densities and temperatures (T‖ and T⊥) are free parameters to be determined
by the best match to the observed total IMS measurements. Thomsen et al. (2010) have also
used a direct integration method, but instead of using various assumptions to try to fill-in
the measured partial distribution function before integration, they simply flag each set of
moments to indicate the particular viewing geometry. Therefore, moments calculated from
data that do not view the bulk flow, for example, are given poor quality flags and thus can
be removed from subsequent analyses.
Whereas the contribution of the thermal low-energy plasma populations to the plasma
density is usually the dominant contribution in planetary magnetospheres, like the one of
Saturn, this is not true for the plasma pressure which may include additional contributions
from higher energy particles. These contributions have been determined by Sergis et al.
(2007) in the 5–20 RS region of the saturnian magnetosphere, by combining CHEMS and
LEMMS observations, and will be used together with IMS results in the present study. In
addition, Kane et al. (2008) have used intensity spectra and anisotropies of hot hydrogen and
oxygen ions measured by INCA to deduce the spectral parameters and the velocity of these
ion populations. Since their anisotropies are frequently convective in nature, a bulk velocity
corresponding to the velocity of the cold plasma of magnetospheric ions under the frozen-in
assumption can be determined.
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Figure 4.9: Illustration of the KRTP and KSM coordinate systems. Adapted from Arridge
et al. (2011).
will influence the current induced in the second coil and therefore will not match
the curr nt in the drive coil. The difference betwe the two coils is a function of
the strength of the external magnetic field parall l to the core.
The FGM is made of three single-axis fluxgate sensors, which are aligned per-
pendicular to each other. The gain of the instrument is varied so that the ranges
and reso tions f the measu ements can be adju ed depending on the measured
field. The re olution for a dynamic range of ±40 nT is 4.9 pT and for a dynamic
range of ±400 nT is 48.8 pT . MAG observations in this thesis will not exc ed the
latt dyn mic range. The FGM has a maximum s mpling rate of 32 vectors/s,
however in this thesis the data are presented as 1 s averages. At the 1 Hz level he
instrumental noise is less than 5 pT/
√
Hz.
The MAG data in th s thesis is presented in Kronographic-Radial-Theta-Phi
(KRTP) coordi ates (i.e. spherical olar coordinates), which are spacecraft-centred
for the magnetic field and pl net-centred for the position of the spacecraft. An
illustration of the coordinate system can be seen in Figure 4.9a. The er vector
(x- xis) points radially outward from the planet to the spacecraft. eφ (z-axis) is in
the azimuthal direction, positive in the direction of Saturn’s rotation. eθ completes
the right-hand set (eφ× er) and is in a colatitudinal direction, positive southwards.
Maps of the spacecraft orbit and location will lso be occasional y shown and
are presented in the Kronocentric Solar Magnetospheric (KSM) coordinate system,
which is Saturn-centred. An illustration of this system is shown in Figure 4.9b.
The x-axis (XKSM ) is directed away from the planet towards the Sun along ex.
The y-axis (YKSM ) is directed along ey=M×ex and is divided by the unit vector
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3.3 LOW ENERGY MAGNETOSPHERIC MEASUREMENTS SYSTEM (LEMMS)
3.3.1 Detector Description
The LEMMS instrument is designed to measure the three-dimensional distribution
of energetic ion and electron fluxes. The instrument head consists of a double-ended
telescope (low energy and high energy end) heavily shielded by a platinum cover
around the whole assembly to avoid penetrating particles with energies E < 30 MeV
through the sides of the instrument. The instrument head and the electronic boxes
are mounted on top of a rotating platform. A picture of LEMMS is shown in Figure
3.24.
LEMMS rotates about the !y axis of the spacecraft, co-aligned with the re-
mote sensing and optical instruments, and therefore measures angular distributions
of ions and electrons within a scan plane, defined by the x–z plane in the spacecraft
system of reference (see Figure 3.25). Three-dimensional particle distributions can
only be obtained if the spacecraft itself is rotating about the z-axis.
Figure 3.24.  Photograph of the Low Energy Magnetospheric Measurement System (LEMMS) flight unit. The
double-ended detector head (low energy end and high energy end) is surrounded by the electronic boxes and
mounted on the programmable turntable platform. The calibration shield is used for background measurements.
Figure 4.10: A photograph of the LEMMS flight unit. Taken from Krimigis et al. (2004).
normal and is in the positive duskward direction. M is the unit vector magnetic
dipole moment of the planet. M lies in the X-Z plane. ez is equal to ex×ey.
For more information about the instrument and the available data, the reader
is directed to the instrument paper (Dougherty et al. 2004) and the online Planetary
Data System user guide (Wei 2012).
4.3 Low energy magnetospheric measurement system
(MIMI-LEMMS)
The low energy magnetospheric measurement system (LEMMS) is designed to ob-
serve energetic electrons and ions (Krimigis et al. 2004). The instrument (Fig-
ure 4.10) is made of a double-ended sensor (a low energy and a high energy end).
The whole instrument is mounted on a rotating platform. However the platform
failed in 2005, and so now the position is fixed.
A magnetic field inside the instrument separates ions and electrons, which strike
different detectors. The low energy end of the sensor observes electrons with energies
of 20 keV−0.9 MeV, and ions with energies of 30 keV/q−18 MeV/q. The electrons
are also processed through a pulse height analyser that produces a 64-channel energy
spectrum (these are the data presented in the spectrograms of this thesis). The ion
energy ranges (for protons and helium) for each channel used in this thesis are shown
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Table 4.1: LEMMS low-energy-end ion and electron energy channel descriptions. Adapted
from Krimigis et al. (2004).
p He e−
LEMMS Emin Emax Emin Emax LEMMS Emin Emax
channels [MeV/q] [MeV/q] [MeV/q] [MeV/q] channels [MeV/q] [MeV/q]
A0 0.027 0.035 0.008 0.010 C0 0.020 0.030
A1 0.035 0.056 0.01 0.016 C1 0.030 0.045
A2 0.056 0.106 0.01575 0.029 C2 0.045 0.060
A3 0.106 0.255 0.02925 0.068 C3 0.060 0.100
A4 0.255 0.506 0.0675 0.130 C4 0.100 0.200
A5 0.506 0.805 0.13 0.205 C5 0.170 0.300
A6 0.805 1.6 0.205 0.4 C6 0.300 0.528
A7 1.6 3.5 0.4 0.875 C7 0.528 0.900
A8 3.5 4 0.875 4.0
in Table 4.1.
4.4 Charge energy mass spectrometer (MIMI-CHEMS)
The charge energy mass spectrometer (CHEMS) is similar to IMS in that it uses
electrostatic analysers and carbon foils followed by TOF to identify the composition
of ions (Krimigis et al. 2004). The ions are deflected by an ESA, and then pass
through a carbon foil where secondary electrons are produced. The secondary elec-
trons are then deflected by electric fields and hit one of three MCPs to record the
start time, for the TOF analysis. The TOF system determines the speed of the ions
via start and stop times of the particle whilst it travels a distance of 10 cm inside the
instrument. The ion then strikes one of three silicon solid state detectors (SSDs).
The secondary electrons produced from the SSD are then deflected onto one of three
MCPs, which then provide the stop time. The three TOF sensors cover an angular
acceptance of 53◦ by 4◦ each. The energy per charge range of the instrument is
3−220 keV/q.
The detector can determine the mass-per-charge, mass, charge and energy of
the ions. This is an important distinction from IMS-TOF, which only gives mass-
per-charge. This means that CHEMS can for example distinguish between He++
and H+2 , whilst IMS is unable to do so. CHEMS data is only presented in the final
chapter (as counts/s), where we focus on the He++ counts in the cusp.
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4.5 Radio Plasma Wave Science (RPWS)
The Radio Plasma Wave Science (RPWS) investigation consists of three electric
antennae to make electric field observations, a Langmuir probe, and three magnetic
antennae to determine the magnetic component of electromagnetic waves (Gurnett
et al. 2004). RPWS measures the electron density and temperature, and the electric
and magnetic field so that it can observe radio signals and plasma waves. The 10
m long antennae are mounted on orthogonal sides of the spacecraft, and point in
orthogonal directions. The measurements from the antennae are fed to a set of
five receivers, which cover different frequency ranges at different resolutions. Data
presented in Chapter 6, are from the high frequency receiver (HFR) with a frequency
range of 3.5 kHz−16 MHz. Observations from the Langmuir probe are not presented
in this thesis.
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Chapter 5
Methods and Coordinate Systems
In this chapter a coordinate system and a method of analysis will be explained which
are used in consequent chapters. Explained first is the OAS coordinate system used
to present the angular distributions of the ions observed by IMS. Finally we explain
the method used to calculate the distance to the reconnection site from IMS data
using the Burch et al. (1982) model, that is used frequently in this thesis.
5.1 OAS coordinate system for IMS
The IMS does not have a 4pi steradian FOV, and in order to increase its FOV, it is
mounted on an actuator. It is therefore important to know where the instrument
is looking (which direction it can and cannot see) so as to understand from what
direction the ions are observed in reference to the spacecraft and to the direction
of the planet. It is also useful to know the related magnetic field direction, the
direction of planetary corotation and the position of the Sun and Saturn.
The data is presented in a coordinate system centred on the spacecraft (the
observer) which is facing Saturn (i.e. Saturn is at the centre of the plots), with
θ being a polar angle away from Saturn (0◦ points towards Saturn [S ], and 180◦
points directly away from Saturn). The coordinate system is shown in Figure 5.1
(bottom two panels), with the corresponding ‘map’ plot shown in the top panel. θ
is represented in the plots radially away from the centre, with 90◦ representing the
inner circle, and 180◦ representing the outer circle (and is a point in space behind
the spacecraft). φ is an azimuthal angle measured around S . φ = 0◦ (O) points in
the direction of S×(Ω×S)=O , where Ω is the spin axis of the planet. A completes
the right−handed set.
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Therefore to detect ions flowing in the plasma corotation direction, the instru-
ment must point at θ =90◦ and φ =270◦ (labelled as a diamond in the top panel of
Figure 5.1). This means that at the subsolar point, the direction parallel to north
is on the inner circle (i.e. θ =90◦) at φ =0◦. To better explain this, if the reader
can imagine they are sitting on the spacecraft facing the planet, everything in front
of them is within the inner circle (with the inner circle representing the ‘sides’ of
the observer where φ >90◦ and φ >270◦ is everything ‘above’, and 90◦< φ <270◦
is everything below the observer). Everything behind the observer is between the
inner and outer circles.
O
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View from Dawn"
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Ω = spin axis of planet"
Sun"
View along S!
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w"Ions from direction of corotation"
x" Saturn"
×
Figure 5.1: The OAS system explained. In the bottom plots the white circle represents
the planet (in the bottom left the black shading is to signify the night side). The bottom
left panel shows the coordinate system in the O−S plane. S points towards the planet,
and the view along S can be seen in the bottom right panel. The top panel shows the
map which uses the OAS coordinate system presented in future plots, with Saturn in the
centre. The pink and blue shading highlight θ, which increases radially outwards from the
plot centre marked ‘x’ in the bottom panels. Blue is 0◦ to <90◦ and pink is >90◦ to 180◦.
This corresponds to the same highlighting in the bottom left panel. The degrees on the
outer circle (top panel) correspond to φ, shown in the bottom right panel. In the bottom
right panel, θ=0◦ <90◦ is directed into the page, and θ=>90◦−180◦ is directed out of the
page.
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Figure 5.2: On the left: an example of IMS data shown in the OAS coordinate frame, from
the 25th October 2007. Shown for reference is the Sun (orange dot) direction, magnetic field-
aligned (red) and anti-field-aligned (blue) direction, as well as the look direction required to
observe corotation (green). On the right: the coordinate system shown in the O−S frame.
The purple and red arrows on the right represent plasma flows (with no A component), and
their corresponding location on the data plot on the left is also shown (as the tip of the
arrow).
Figure 5.2 shows an example of data from the IMS plotted in OAS coordinates,
from the 25th October 2007. The spacecraft is ∼10 RS from the planet, in the
equatorial plane and at ∼09:30 local time (LT). Labelled on the plot is the direction
of the Sun (orange dot) and the field-aligned (red triangle) and anti-field-aligned
(blue triangle) directions with respect to the magnetic field calculated from MAG.
The edges of each anode (labelled 1−8, the location of the numbers show the starting
point of actuation) are also shown, with the dashed line representing the centre of
the anode, as it actuates. The IMS observations are shown in counts per second.
The arrows in the right panel show plasma flows that correspond to the locations
on the plot on the left side.
In this particular example high counts of ions are observed when the instrument
actuates to look in the corotation direction, and therefore a direction going into the
page on the right panel of Figure 5.2. It should be made clear that what is described
as the corotation direction in these plots, is in fact the look direction required to
observe corotating ions. The instrument points into the direction of corotation
to detect these ions (i.e. the instrument itself points in the direction opposite to
corotation in order to observe ions that are corotating). The actual direction of
corotation is at a φ and θ angle of 90◦ (however ions detected in this look direction
would mean the ions are flowing in an anti-corotational direction).
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Plots such as these which will be shown in the following chapters occur when
the spacecraft is at high latitudes, similar to that shown in Figure 5.1. The location
of the spacecraft will be specified in the accompanying text, so that the reader can
better understand the results.
5.2 Calculating the field-aligned reconnection distance
As is explained in previous chapters, the distance to the reconnection site from
the cusp observations can be calculated from ion energy-pitch angle dispersions,
using the Burch et al. (1982) (from now on called ‘BUR82’) model equation (see
Eq 2.2). To achieve this for Cassini observations, the IMS data are compiled for
each actuator sweep and the pitch-angle coverage is calculated for each anode, to
create a pitch angle energy distribution. The data are binned into nineteen pitch
angle bins. The ion dispersion in the data is determined by selection of the lowest
energy bin, called the ‘low energy cutoff’, by using a signal-to-noise ratio of four.
The noise is estimated per actuation sweep and per anode for all energy bins (in
an anode) by calculating the mean of the counts from the three energy bins with
the lowest counts. The uncertainty of the data is calculated using Poisson counting
statistics and the accumulation time (i.e. the square root of the count rate divided
by the accumulation time) for each underlying actuator sweep, anode and energy
bin, and then propagated through to get an uncertainty on each pitch angle.
The magnetic induction along the field line is calculated for increments along
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Figure 5.3: An example of a energy-pitch angle distribution, with the low energy ion cutoff
for each bin highlighted (dots). This example is shown before a model fit is made. Grey
bins signify no data are available due to the lack of pitch angle coverage by the instrument.
This is an example from the 21st January 2009 at 17:05:04 UT.
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the field line with a separation ds (taken to be 0.001 RS), from the position of the
spacecraft. This is done by tracing field lines using the Khurana et al. (2006) mag-
netospheric field line model from the position of the spacecraft to the two footpoints
of the field line at the planet’s surface (characterised as 60268 km from the planets
centre).
The BUR82 model is then fitted to the data iteratively using a least squares
curve fitting method. A least square minimisation method involves fitting a model
function yˆ(ti) to a set of m data points xi(ti), with error estimates of σi. A measure
of the ‘goodness-of-fit’ of the model to the data is calculated using the chi-squared
criterion:
χ2 =
m∑
i=1
[
x(ti)− yˆ(ti)
σi
]2
(5.1)
The model is fitted iteratively, in order to minimise χ2, and to find the best-fit
solution. The aim after each iteration is to find a perturbation to the parameters
that the model is built upon that reduce the value of χ2.
The Levenberg-Marquardt (L-M) method for least squares curve-fitting is used.
This is done using the MPFIT code for IDL written by Markwardt (2009), which is
an improved IDL version of the MINPACK-1 routine (More´ 1977; More´ and Wright
1993). The routine that applies MPFIT to the data was written by C. S. Arridge
at MSSL−UCL (Jasinski et al. 2014).
The L-M method combines the use of two minimisation techniques: the gradient
descent method and the Gauss-Newton (G-N) method. To find the local minimum
of χ2 the gradient descent method involves adjusting the model parameters such
that the solution steps along the negative of the gradient of χ2 to descend towards
the minimum in χ2. Near this minimum, χ2 has a quadratic form, since if a Taylor-
expansion of χ2 is made, the linear term is small compared to the quadratic term.
Close to the minimum the gradient descent method becomes inefficient and the L-M
method then switches to the G-N method. The G-N method uses the second-order
term of the expansion to converge χ2 to the local minimum. This means that near
the minimised value of χ2, the G-N method converges to the optimal solution much
faster than the gradient descent method (Marquardt 1963).
The L-M method varies between the two methods depending on whether the
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least squares function is being successfully minimised. The L-M method applies
a parameter λ, that at the start of the process is large, and changes after each
iteration. When λ is large the gradient descent method is used. As the L-M method
approaches the optimal solution, λ is reduced and the G-N method is approached. If
after an iteration χ2 is increased, λ increases, causing the gradient descent method
to be used again.
Boundaries are applied for the parameters of the L-M method. Lower and
upper limits of 10 RS and 80 RS respectively, are used for the field-aligned distance
to the reconnection site. A lower boundary for the transit time of 1800 seconds is
used.
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Chapter 6
Evidence of Bursty reconnection at
Saturn’s Dayside Magnetopause
In this first research chapter I present the first published detailed analysis of the
magnetospheric cusp at Saturn (on the 21st of January 2009), which was reported
in Jasinski et al. (2014). A similar observation from the 3rd of August 2008 is
also presented. The trajectory of both intervals will be shown first, followed by the
various observations that were made in the cusp. The observations from the 21st
of January 2009 and 3rd of August 2008 will from now on be called ‘JAN09’ and
‘AUG08’.
6.1 Spacecraft Trajectory
Figure 6.1 shows the trajectories of the spacecraft during the two cusp observa-
tions. The trajectories are shown in the KSM coordinate system in the following
projections: (a) X-Z (i.e. the view from dawn); (b) X-Y (i.e. the view from ‘above’
looking down approximately onto the north pole) and (c) Y-Z (i.e the view from
the Sun). The section of the trajectories highlighted in blue and red show the part
of the trajectory where the cusp for AUG08 and JAN09 is observed, respectively.
In the background of the X-Z projection is a magnetic field model (grey) (Khurana
et al. 2006), and the location of the magnetopause (dotted) during quiet solar wind
conditions calculated using the Kanani et al. (2010) model. The field line model
has been generated for the latter date, which is closer in time to equinox at Saturn
(August 2009). This results in the magnetic dipole tilt of the planet being larger
for the AUG08 event as it is further away in time from equinox. Therefore if the
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Figure 6.1: Trajectories of Cassini during the two cusp observations with each trajectory
highlighted in blue and red for where the cusp is observed on the 3rd of August 2008 and
21st of January 2009, respectively. The whole trajectories are shown for the time periods
of 2−3rd August and 20−22 January, both starting on the dayside and ending in or near
the nightside. Panel (a) shows the X-Z projection of the orbits in the Kronocentric-Solar-
Magnetospheric (KSM) coordinate system. The Sun is to the right and the view is from
dawn. The large dots represent the start of a day’s observations. The smaller dots are
separated by three-hour intervals. Shown in grey is the Khurana magnetospheric field line
model (Khurana et al. 2006), with the dotted line representing the average position of the
magnetopause model. Panel (b): looking down onto the equatorial plane from above the
north pole (X-Y plane of KSM, with the equatorial plane inclined towards the observer on
the dayside), with the Sun to the right; (c) as seen from the Sun.
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magnetic field line model had been produced for the AUG08 event (instead of the
JAN09 interval), then the region where the northern cusp is expected (in the model)
would be tilted further away from the Sun in comparison to the model generated
for the JAN09 event.
Cassini is travelling in a poleward trajectory for both observations, from the
equator towards higher latitudes where the cusp is expected to be seen. The
spacecraft is also travelling planetward and duskward, crossing noon local time
(LT). The JAN09 observation occurs at larger radial distances from the planet
(16.5−15.5 RS), lower kronocentric latitudes (42.3◦−50.4◦) and covers a smaller
range of LTs (11:37−12:06), in comparison to the AUG08 observation: radial dis-
tances of 11.1−8.2 RS , latitudes of 58.7◦−72.7◦ and LTs of 12:32−14:55.
6.2 Observations from the 21st of January 2009 −
‘JAN09’
An overview of the in situ observations during the day of the cusp crossing, as well
as the day before are presented in Figure 6.2, showing CAPS (ELS and IMS) and
MAG data. The spacecraft is at large radial distances from the planet (∼19 RS)
and at low latitudes (∼13◦) at the start of the figure. Until 11:00 Universal Time
(UT) on the 21st of January, the spacecraft observes high energy tenuous electrons
(panel a), typical of the outer and high latitude magnetosphere. At ∼17 UT (20th
January) there is an increase in flux as well as the energy of the electrons. At this
time the magnetic field observation becomes disturbed, with sharp changes in the
field strength, and a rotation in the Bφ and Bθ components. Bipolar signatures in
the magnetic components may be due to a flux transfer event observation, however
this would need to be investigated further. This could also be a large field aligned
current similar to the observations reported by Bunce et al. (2008b). During the
magnetospheric observations, shallow magnetic depressions coincide with increases
of electron flux due to a diamagnetic effect. Before entering the cusp at 11:00 UT
(21st January) there is a small decrease in energy of the observed electrons. The ion
observations show no significant increases in counts above the background level until
just prior and during the cusp observations. During the cusp observations (11:00-
19:00 UT) it can be seen that there is a deviation from the increasing magnetic field
strength (due to the planetward trajectory of the spacecraft). Instead of increasing,
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the magnetic field is steady throughout the cusp and then sharply increases at the
end (instead of increasing gradually); evidence that the cusp plasma is creating a
diamagnetic depression due to its high density.
Figures 6.3 and 6.4 show the remote and in situ observations obtained during
the cusp crossing presented in Jasinski et al. (2014). Figure 6.3 shows three (i−iii)
polar projections of Saturn’s northern aurora, observed by UVIS. These observations
were taken towards the end of the cusp observations, and just after 1801, 1848 and
2012 UT (arrows [labelled ‘i-iii’] pointing on the in-situ data in Figure 6.4 compare
the timing of the in situ and remote observations).
The UVIS observations show bifurcations (marked with white arrows in Figure
1i−iii) which have been suggested to occur due to the opening of closed magne-
Figure 6.2: In situ observations from the 20th and the 21st of January 2009. Panel (a):
omnidirectional electron flux from CAPS-ELS, with the photoelectron and background flux
has been removed, (b) ions from CAPS-IMS presented in counts/accumulation, (c) the three
KRTP components of the magnetic field, and (d) magnetic field magnitude from MAG.
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Figure 6.3: Three polar projections of Saturn’s northern aurora, obtained with the FUV
channel of UVIS, taken at 1801, 1848 and 2012 UT. The grid shows latitudes at intervals of
10 degrees and meridians of 30 degrees. Noon is to the bottom and dawn to the left. The
times at which the images are taken in comparison to the in-situ observations are indicated
by black arrows (i-iii) in Figure 6.4.
tospheric field lines at the magnetopause (Radioti et al. 2013). Previous studies
(Radioti et al. 2011) have shown that during the presence of bifurcations, the main
auroral emission expands with time to lower latitudes, which is indicative of the
opening of flux. The expansion of the main emission is equal to the area occupied
by the bifurcations, suggesting that the bifurcations represent the amount of newly
opened flux and thus are signatures of magnetopause reconnection. The emissions
are also rotating towards dusk, implying that either the location of the reconnec-
tion site is moving or that there is a significant azimuthal motion of the plasma
in the magnetosphere due to a sub-corotating open field line. Radioti et al. (2013)
suggested that the consecutive brightenings of the auroral bifurcations during these
observations are due to multiple reconnection occurring along the same magnetic
flux tube. These observations provide evidence that during these observations, re-
connection was occurring at Saturn’s dayside magnetopause.
The cusp observation is shown in Figure 6.4. From 0700 to 0800 UT Cassini
was in Saturn’s magnetosphere. In panel a), ELS data show high energy, tenuous
electrons as well as in panel (b) very low ion fluxes, observations which are typical
of the high latitude magnetosphere as explained earlier. In panel (c), LEMMS
(energetic electron) data show increases in flux of high energy electrons when the
spacecraft is in the magnetosphere.
From just before 0900 until 1100 UT, CAPS observed intermittent magneto-
spheric high energy tenuous plasma, and more dense cool plasma. This could be
evidence of a boundary layer between the cusp and the magnetosphere (on the
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Figure 6.4: Observations from the 21st of January 2009. From top to bottom, panel
(a) omnidirectional electron flux from CAPS-ELS, with the photoelectron and background
flux removed, (b) ions from CAPS-IMS presented in counts/accumulation, (c) high-energy
electron flux from LEMMS, (d) the three KRTP components of the magnetic field, and (e)
RPWS electric field spectrogram. The stepped ion structure is underlined in panel b. The
polar cap is labelled as ‘PC’. The three arrows in labelled (i-iii) indicate when the auroral
observations (Figure 6.3) took place.
open-closed field line boundary). At the same time, panel (d) shows that MAG
observed rotations in the Bφ component of the magnetic field, which are indicative
of field-aligned currents (FACs) (e.g., Bunce et al. 2008b). During this event the
FACs derived from Bφ are found to be consistent with previous observations, and
whistler mode emission was observed (panel e) by RPWS. The FACs are analysed
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below in Section 6.2.1. When ELS observed lower energy electrons, IMS observed
significant increases in ion fluxes.
From 1100 UT ELS observed steadier fluxes of cold dense electrons, similar
to magnetosheath plasma. From this time onwards IMS observed ions which had
a ‘stepped’ energy-latitude dispersion structure (underlined in Figure 6.4). The
observed stepped ion structure is the same as the structure described in Figure 2.6c,
where the velocity of the convecting field line is larger than that of the spacecraft
velocity. This results in the spacecraft exiting and entering differing regions of
plasma that were injected at different times and locations. This step structure in the
ions, as well as the changes in the electron flux, suggests that Cassini was traversing
different reconnected magnetic flux tubes in the cusp attributed to ‘bursts’ or ‘pulses’
of reconnection occurring at different areas along the magnetopause (Lockwood and
Smith 1994; Lockwood et al. 2001). Therefore from 1100 until ∼1900 UT, Cassini
observed the cusp, the start and end of which are marked by vertical dashed lines.
At ∼1500 UT, Cassini observed a large change in the electron flux. The ob-
served electrons had a slightly higher energy (an increase of ∼100eV), and the most
significant change in the ion dispersions is observed at this time. This is also when a
local magnetic field strength decrease of ∼1 nT (∼13%) is observed by MAG. This
is repeated at the beginning of the following ion dispersion. These local depres-
sions as well as the overall depression of the magnetic field explained in Figure 6.2,
show that there is a diamagnetic effect due to the large increases in plasma density
and pressure whilst in the cusp, similar to the terrestrial cusp observations. The
magnetic depressions are not discussed in more detail in this chapter. Magnetic
depressions in the cusp are the main focus of Chapter 8.
At ∼1900 UT Cassini entered the polar cap (PC), a region with open field lines,
where electron and ion fluxes were at or below the noise level. It is from this time
onwards that auroral hiss is observed in RPWS. Auroral hiss is a whistler-mode
emission which is observed in the Earth’s polar cap region (e.g. Gurnett 1966).
Gurnett et al. (2010) and Jinks et al. (2014) have both used auroral hiss to identify
the open-closed field line boundary, and the observation of auroral hiss at the end of
this event is an indication that these are open field lines and the lack of observable
plasma also shows that the spacecraft entered the polar cap.
Figure 6.5 shows a comparison of the average energy distribution of the elec-
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Figure 6.5: Average electron energy distributions of the cusp at 1110-1820 UT (blue),
magnetosphere 0200-0700 UT (red) and magnetosheath (green) taken from the most recent
interval on the 12th November 2008 1400-1900UT.
trons from 1100-1900 UT to those of the magnetosphere and the most recent magne-
tosheath observation. The magnetosheath observation took place at 1400-1900 UT
on November 12th 2008. The electrons up to 10 eV are due to spacecraft photoelec-
tron detections. When the flux falls to background levels it is not plotted. From 10
eV the cusp electrons are more similar in energy distribution to the magnetosheath
(although a bit lower in flux) than the magnetosphere, showing that the plasma is
therefore more likely of SW origin and not magnetospheric. The analysis of the field
aligned currents will now be discussed.
6.2.1 Field-aligned Currents
Ampere’s law states that the magnetic field B around any closed loop Γ with a
surface s is equal to the current I through the loop:
∮
Γ
B · ds = µ0IthroughΓ (6.1)
Ampere’s Law can be used to determine the magnetic field near a wire. Due
to symmetry, the magnetic field magnitude is the same everywhere on a concentric
circle around the wire, which can be seen in Figure 6.6a. For a wire such as this
the left hand side of the above equation is just the magnetic field multiplied by
the circumference of the circle, and so Iµ0 =B ·2pir. This concept is the same for
analysing the FACs in the magnetosphere.
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F ure 6.6: Illustration of field aligned current observation in the Bφ component of the
magnetic field. The spacecraft trajectory is shown with respect to: a) the magnetic field
outside (in 3D) a current ‘I ’ (an illustration of Ampere’s Law), and the observation of the
Bφ component similar to panel b. Panel b), the FAC in the magnetosphere (as viewed
from dawn, Sun to the right), the green arrows show where the enhancement (increase in
either the direction into or out of the page) is seen in the Bφ component of the magnetic
field (in KRTP). Both panels are adapted from Feynman (1964), and Talboys et al. (2009),
respectively.
If the spacecraft passes through the current in a poleward trajectory, then it will
observe a local increase in the magnetic field Bφ direction, shown as blue arrows in
panel a. These increases are represented as the points labelled by the green arrows
in panel b. By applying Ampere’s Law in the same way to a circular loop which is
centred on the magnetic axis of the magnetosphere (assuming axisymmetry) with a
cylindrical radius ρ (e.g. Bunce et al. 2008b; Badman et al. 2012a); the equatorward
flowing height-integrated ionospheric Perdersen current per azimuth which closes
the FACs at the footpoints of the magnetospheric field lines is:
IP = ∓ρBφ
µ0
(6.2)
where the−/+ sign is for northern/southern hemisphere. The FAC can be estimated
from the change in IP because any increases or decreases in the Pedersen current
must be balanced by an inflow or outflow of current along the field lines into the
ionosphere. Therefore if the spacecraft is travelling poleward, and an increase in
IP is observed by an amount ∆IP , then the same amount of current must have
flowed out of the ionosphere in the region through which the increase was observed.
A decrease in IP whilst moving poleward requires a downward current (into the
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ionosphere). These currents are necessary to produce the changes in Bφ observed
by MAG.
In Figure 6.7b, the calculated ionospheric current IP corresponding to the Bφ
component can be seen in black. The red line shows the values used for the calcula-
tion of ∆IP (at the boundaries marked by dashed vertical lines). From the difference
of these values the field aligned current ∆IP is calculated and can be seen in panel
c. Each pair of FACs has been labelled in chronological order from 1 to 5, with a
suffix of ‘U’ or ‘D’, for the upward or downward component of the FAC, respectively.
Panels d−f display the the particle data sets (CAPS and MIMI-LEMMS) and
the RPWS observations for comparison with the calculated FACs. It can be seen
that for some of the FAC observations there are increases in the high-energetic par-
ticle flux (panel d), as well as in the bursts of electrons with higher energies in
panel e (spectra similar to what is observed in the magnetosphere). The downward
FACs are also observed when whistler-like emission is observed in RPWS, seen in
panel f by the large increases in power up to 35 dB in the ∼10-100 Hz frequency
range. Whistler-mode emission in RPWS has previously been reported to be ob-
served during FACs (Bunce et al. 2008a; Talboys et al. 2011; Badman et al. 2012a,b).
A more detailed investigation of each set of FACs and their corresponding particle
observations will now be conducted.
In Figure 6.8, observations of the FACs are presented as well as RPWS and elec-
tron data along with the pitch-angle observations of the corresponding electrons, in
order to determine whether the FACs correspond to increases in electron flux in the
appropriate directions. For an upward current region, downward-travelling electrons
would be expected. This would mean an observation of electrons with ∼180◦ pitch
angles in the northern hemisphere and ∼0◦ pitch angles in the southern hemisphere.
For a downward current region, the opposite would be expected (electrons with ∼0◦
pitch-angles in the northern hemisphere). Figure 6.8c-f presents the observations
of the 0◦ (field-aligned) pitch angle coverage of anodes 2 and 3 of ELS; whilst Fig-
ure 6.8g-j) show the 180◦ (anti field-aligned) pitch angle coverage of anodes 6 and
7 of ELS.
For the first downward current (1D), ELS has a sufficient field of view (FOV) to
observe field-aligned electrons, however no intensifications of electrons are observed
in the data. For the second downward (2D) current, ELS has a sufficient FOV,
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Figure 6.7: From the top to bottom: (a) the Bφ component of the magnetic field, (b)
the calculated ionospheric current from Eq. 6.2, (c): the field aligned current magnitude,
shown as ‘upward from the planet’ and ‘downward into the planet’ directed currents, with
each current labelled, (d) high-energy electrons from MIMI-LEMMS, (e) low-energy electron
observations by CAPS-ELS, (f) electric field spectrogram from RPWS.
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Figure 6.8: A comparison of FACs with the plasma data. From top to bottom: (a)
FACs: 1D, 1U, 2D, 2U, respectively, (b) RPWS electric field spectrogram, (c) ELS anode
2 observations, (d) pitch angle (PA) coverage of anode 2, (e) ELS anode 3 observations, (f)
PA coverage of anode 3, (g) ELS anode 7 observations, (h) PA coverage of anode 7, (i) ELS
anode 6 observations, and (j) PA coverage of anode 6. Panels c-f focus on the field-aligned
(0◦) pitch angle electrons and therefore the downward region of the currents (i.e upward-
travelling electrons from the planet in the northern hemisphere), whilst panels g-j focus on
the anti-field aligned pitch angles (downward electrons, upward current).
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Figure 6.9: Panel: (a) Field-aligned currents obtained from Bφ, (b) electron counts ob-
tained from INCA. INCA has a sufficient field of view to observe the first three downward
currents. Panel (b) was provided by Don G. Mitchell.
and between 0900 and 0930 ELS observes increases in the flux of the electrons. In
Figure 6.8b, ELS has a sufficient FOV to observe upward FACs, however ELS only
observes weak increases in electron fluxes in the first upward current region (1U).
The rest of the FACs are presented in the same format and can be found in
Appendix A, however their results are summarised in the text below and in Table 6.1.
For the the 3U and 3D FACs, ELS has a sufficient FOV to observe the particles,
however ELS only observes increases in electron fluxes on the upward FAC but not
for the downward FAC. For the 4D and 4U FAC and where possible (4U) there are
no increases in electrons observed. The 5D and 5U FAC are observed whilst in the
cusp, but no electrons associated with FAC are seen.
Available MIMI-INCA (ion and neutral camera) data are presented in Fig-
ure 6.9. INCA observes energetic neutral atoms as well as providing angular and
energy distributions of in situ ions. INCA cannot measure electrons in calibrated
physical units. However due to cross calibrations with LEMMS during times when
Cassini is rolling about the Z-axis in spacecraft coordinates, INCA observes the same
energetic electron beams that LEMMS observes (a quarter of a turn earlier or later
depending on the direction of the roll, due to the positioning of the instruments; see
Figure 4.2). Electrons can only be detected if they are field-aligned (i.e. electron
beams) when the instrument’s collimator is directed towards the incoming beam’s
direction. Ions or neutrals have a significantly higher probability of producing sec-
ondary electrons, and therefore would be recorded in the ‘start’ MCP and also (via
the secondary electrons) the ‘stop’ MCP. Energetic electron beams have a very low
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probability of producing secondary electrons (∼0.1%) in the instrument. Therefore
signals measured in the stop MCP, with a missing signal in the start MCP are due
to the detection of energetic electrons.
During this interval the voltage on the collimator plates was at 200 V, which
results in an exclusion of particles between 0 and ∼10 keV/q (Mitchell et al. 2009),
resulting in an estimation that the detected electrons are above 10 keV/q. Figure 6.9
shows that there were more counts observed in the stop MCP than the start during
the first three field aligned currents. During this interval INCA has a sufficient
FOV for detecting the first three downward sets of FACs; it is therefore reasonable
to assume that INCA observed energetic electrons which were field aligned during
the first three FACs.
In summary, the FOV is not always sufficient to observe the field-aligned cur-
rents, and even when it is, there are inconsistencies between the FAC and the
electron observations. INCA observes an increase in electron flux for the first three
downward currents when it has a sufficient FOV. The ELS has a sufficient FOV for
the first four out of five pairs of currents, and only observes one current in each
pair. The LEMMS electron channels observe increased electron flux during the
second and third upward FACs. The intermittent observations of the field aligned
current particles are interpreted as occasional (full) traversals of the current. When
the electrons are not observed, the spacecraft is interpreted as not fully crossing the
FAC, but instead observing the magnetic field rotation in Bφ only. The lack of FAC
particle observations in the final pair of currents supports the interpretation that
the spacecraft is no longer on the open-closed field line boundary which these FACs
are associated with, but instead on open field lines in the cusp.
6.2.2 Ion Composition and Angular Distributions
When analysing the ion composition in the cusp and the adjacent magnetosphere,
two ratios for comparison can be used: a mass-per-charge of 2 amu/q to ionised
hydrogen ratio ([m/q=2]/H+), and ionised water group to hydrogen ion ratio
(W+/H+). The water group ions include: O+, OH+, H2O
+, H3O
+, and O+2 . The
water group originate principally from Saturn’s icy moon Enceladus (as well as the
other icy moons), and therefore we expect higher percentages of these ions in the
magnetosphere in comparison to plasma entering the cusp from a magnetosheath
origin. Both He++ and H+2 have a mass-per-charge of 2, however we would expect
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Table 6.1: ELS and INCA observations during the downward (D) and upward (U) currents,
and their FOVs during this time.
Current ELS ELS INCA INCA
Correct FOV Observes? Correct FOV Observes?
1D Yes No Yes Yes
1U Yes Yes No -
2D Yes Yes Yes Yes
2U Yes No No -
3D Yes No Yes Yes
3U Yes Yes No -
4D Yes Yes No -
4U Yes No No -
5D Yes No No -
5U No - No -
the ions to be H+2 in the magnetosphere with approximate percentages composition
relative to H+ of ∼10−20% or more, peaking at a distance of Titan’s orbit (20RS)
(Thomsen et al. 2010) which is predicted to be the source of these ions (e.g. Cui
et al. 2008). Cold H+2 and W
+ have higher concentrations at the equator, contained
there due to centrifugal sources, therefore reducing the abundances at higher lati-
tudes. However in comparison, even lower abundance values for m/q=2 ions, would
suggest that they are He++ of a solar wind origin (∼4%, e.g. Ogilvie et al. 1989).
During the JAN09 cusp observation, the spacecraft was rolling between ∼11:00
and 14:00 UT, providing CAPS with an almost 4pi steradian FOV. During this time,
IMS completed six time-of-flight (TOF) measurements. The ions of the magneto-
spheric water group (W+) species were not observed above the background levels,
with only one TOF accumulation (13:11:28−13:37:03 UT) observing low counts,
showing that the W+ population is below the detectability threshold for CAPS dur-
ing this time. CAPS observes slightly higher W+ counts in the final two dispersions,
at a W+/H+ ratio of 1.4±0.1% and 0.7±0.2% (for 15:19-16:10 and 17:01−18:31, re-
spectively). This is extremely low in comparison to the ratios observed in the mag-
netospheric population at 12:00−21:50 (the day before), of 8.5±0.3%. The presence
of a higher abundance of W+ ions in the latter dispersions indicates that the space-
craft is traversing different field lines that have been reconnected at a temporally
and spatially different location.
Comparing the m/q=2 to H+ ratio between the cusp and the magnetosphere,
also shows a large difference between the two regions. In the magnetosphere the
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Figure 6.10: Angular distributions of ions at an average energy near the peak count rate
at four different times: a) 0625-0700, b) 1240-1244, c) 1525-1527, and d) 1712-1719 UT on
21 January 2009. The centre of the plots correspond to the look direction directly toward
Saturn, while the entire outer circle corresponds to the look direction away from Saturn.
The dashed circle midway between the centre and the outer edge corresponds to the look
direction 90◦ away from Saturn, with the northward-viewing direction at an azimuth (labels
around the outer circle) of 0◦. The look direction to see incoming corotation lies on the
inner circle at an azimuth of 270◦, as indicated by the green square. Flows from ‘north’ (or
above) of the spacecraft would be seen in the upper half of the plots. The sun is represented
by the orange dot, and the magnetic field directions are represented by the red and blue
triangles.
percentage composition is 25.8±0.2%, which is consistent with a magnetospheric
origin where the m/q=2 species is H+2 . In the cusp the ratio is smaller, 2.62±0.02%,
consistent with solar wind values with the m/q=2 species being He++ (Thomsen
et al. 2010).
In addition, angular distribution plots are shown (see Figure 6.10) of the ions
at selected energies and times. The angular distributions (in panel a) of the ions in
the magnetosphere (06:25-07:00 UT) show they are coming primarily along the field
line (blue triangle, in a direction from ‘behind’ the spacecraft, from the anti-parallel
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field direction) from the direction of the sub-solar point. However, the ions in the
three cusp panels (b), (c) and (d) are not field-aligned. The ions in the cusp are
arriving from the direction of the equatorial plane between 12:45-17:15 UT, with the
ions strongly convecting from the direction of the equatorial plane at 15:25-17:15
UT, which is consistent with reconnection occurring at low latitudes, followed by
subsequent poleward convection through the cusp. In none of the distributions in
Figure 6.10 is there evidence for a peak near the corotation direction, which is in or
near the field of view for all except the 12:40-12:44 interval.
6.2.3 Summary
The identification of the region from ∼1100 to almost 1900 as the cusp is supported
by three strong pieces of evidence from CAPS observations: 1) As described in
greater detail above in Section 6.2.2, composition measurements indicate that the
ions are of solar wind origin, with no appreciable water group ions; 2) the electron
energy spectra are much more characteristic of typical magnetosheath measurements
than of magnetospheric electron spectra; and 3) the ions during this period display
energy-latitude and energy-pitch angle dispersions (discussed below) which are typ-
ical characteristics of a newly opened field line convecting poleward. Therefore the
evidence confirms this is an observation of Saturn’s cusp.
6.3 Observations from the 3rd of August 2008 −
‘AUG08’
The data obtained from the AUG08 cusp crossing are presented in Figure 6.11.
There are two data gaps (in all the presented instruments) occurring at 12:10−12:50
and 16:22−18:03 UT. At the beginning of the AUG08 event, energetic electrons in
CAPS-ELS (panel a) and MIMI-LEMMS (panel c) are present until 14:45 UT. The
energy distribution of these electrons are similar to those observed in the magneto-
sphere during the JAN09 event, and so the plasma is interpreted to be on closed
magnetospheric field lines. Before entering the cusp (at 14:47) the spacecraft passes
through a region where the energy of the electrons is gradually decreasing, and the
flux of the ions increases. This is interpreted to be a high latitude extension of the
low-latitude boundary layer, which would be a mixed plasma of magnetospheric and
solar wind origin.
From 14:47 until 23:30 UT, Cassini passes through the cusp. IMS observes high
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fluxes of ions (panel b), which have multiple energy-latitude dispersions. The data
from the MIMI-LEMMS instrument (panel c) show high fluxes of energetic ions up
until the cusp crossing, with a significant decrease in the first ion dispersion observed,
followed by background levels of counts in the rest of the cusp interval. The high
fluxes up to the ∼25 eV level in the LEMMS data are due to light contamination
of the instrument.
There are four dispersions present in the data; the first is clearly observed at
14:47−16:22 UT. The second and third dispersions are very close together, and are
difficult to separate. However the large increase in flux at ∼18:35 UT is designated
to be the centre of the second dispersion at 18:15−18:50, with third dispersion
occurring at 18:50−20:40. The argument that these are two separate dispersions is
supported by the flux measured by ELS as well as in the IMS measurements. The
electron flux, as well as the energy, increases at the start of the third dispersion
in comparison to the end of the second dispersion. At the same time there is also
a step-up in the energy of ions. Both of these observations suggest that these are
two separate dispersions. If this was one dispersion, the electron flux would steadily
decrease (similarly to the first dispersion) and the ions would also not increase in
energy. Instead there is a clear passing of the spacecraft through two separate flux
tubes filled with cusp plasma, with two different reconnection histories.
All the dispersions are in the same sense, implying that the reconnection was
taking place equatorward of the cusp and is also occurring in a ‘bursty’ or pulsed
manner (Lockwood et al. 2001; Jasinski et al. 2014) due to the ‘stepped’ nature of
the ion dispersions.
The magnetic field (panels d and e) is strongly radial, and is increasing sig-
nificantly due to the planetward trajectory of the spacecraft. No diamagnetic
depressions are seen during the cusp interval. No rotations are observed on the
open−closed field line boundary before the cusp. However, there is a small rotation
in the Bφ component at ∼15:00 and ∼20:30 UT coincident with the start of the
cusp observations as well as the start of the final ion energy-latitude dispersion. For
the rotation at 15:00 UT, this could be due to the crossing of the open-closed field
line boundary marked by a FAC, whilst for the latter this could be due to the IMF
having an increased By component, and so the newly reconnected field line has a
significant azimuthal component.
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Figure 6.11: Observations from the 3rd of August 2008, with the cusp observed at
14:45−23:45 UT. From top to bottom: a) electrons from CAPS-ELS, b) ions (all anodes
summed) from CAPS-IMS, c) high-energy electrons from MIMI-LEMMS (the high fluxes in
up to the ∼25eV energy level are due to light contamination of the instrument), d) the three
components of the magnetic field in KRTP coordinates from MAG and e) the magnitude of
the magnetic field also observed by MAG.
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6.3.1 Ion Composition and Angular Distributions
For AUG08 the spacecraft does not roll at all during the cusp observations as for the
JAN09 observation described above. There is a small spacecraft attitude adjustment
at ∼16:00 UT and two between ∼21:30 and ∼23:30 UT. However this does not
provide a complete 4pi steradian FOV. The spacecraft does have a look direction
into the corotational direction whilst in the boundary layer just prior to the cusp
at ∼14:00 UT, as can be seen in Figure 6.12a.
The ion spectrogram in Figure 6.11b is of Anode 5 of IMS. In this figure, the
ion counts are at the noise level whilst in the magnetosphere prior to 14:00 UT,
with only occasional observations of counts above this level. An example of a period
where there is an increase above this level is shown in the OAS plot in Figure 6.12a.
During this observation, anode 5 (and all the other anodes) observe background
levels of counts. Anode 7 observes a slight increase in flux when it is directed to
look into the direction of incoming corotational ions.
The composition of the adjacent magnetospheric plasma is estimated at
05:26−07:34 UT, the closest time with large counts above the noise level. Dur-
ing this time period, CAPS-IMS completes four TOF measurements; the W+/H+
percentage was calculated to be 32.6±1.2% and the [m/q=2]/H+ was calculated to
be 28.2±0.1%, the latter assumed to be H+2 as previously explained.
In comparison, the water group and the [m/q=2] ions observed in the cusp are
much lower, as expected, with the latter ions assumed to be He++, representative of
a solar wind abundance. For the four cusp dispersions observed at 14:47−16:06 UT,
18:00−19:30 UT (the second and third dispersions have been binned together due
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Figure 6.12: Angular distributions of the ions just prior to the cusp observation on the
3rd of August 2008 (left), and during the cusp observation (right). The format is the same
as seen in Figure 6.10b−d.
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to overlapping accumulation times) and 20:47−22:04 UT, the values for He++/H+
were 4.2±0.03%, 2.4±0.03% and 2.2±0.03%, respectively. For the water group ions
the counts were below the background level for the second dispersion, and had values
of 0.97±0.04% and 0.67±0.07% for the first and last dispersions respectively.
An example of the look direction whilst in the magnetosphere (prior to the
cusp) was already presented (Figure 6.12a). An example of the FOV of CAPS-
IMS during the cusp observations can be seen in Figure 6.12b. In this example the
FOV does not directly observe the corotational direction; however the counts in the
direction nearest to it are at the noise level, with the majority of the (observable)
flux of ions observed from a direction ‘below’ the spacecraft (mostly equatorward),
convecting in a poleward direction. This is similar to the JAN09 event.
6.4 Calculating the field-aligned distance to the recon-
nection site
An example of the appearance of the ion energy-pitch angle dispersion in the energy-
time spectrogram during the AUG08 event can be seen in the top panel of Figure 6.13
(IMS observations from anode 5). The bottom panel shows the corresponding pitch
angle observed by anode 5 as the instrument actuates. It can be seen that as
anode 5 observes lower pitch angles, the energy of the ions increases. This causes
an ‘M’ shaped signature in the ion data in the northern hemisphere. This is the
same as the first terrestrial observations reported in Burch et al. (1982); however
they observed a ‘V’ signature due to the pitch angle changing from 0◦ to 180◦
(also in the northern hemisphere). The observations (in Figure 6.13) at Saturn are
inverted due to the oppositely orientated magnetic poles at Saturn which results
in the ‘V’ signature to be upside down for these observations. The upside down
‘V’ becomes an upside down ‘W’ signature because the pitch angle look direction
during these observations is from 0◦ to an alternating amplitude of 70◦ and 120◦.
Therefore, the instrument observes ions with pitch angles of 0◦ twice for every time
120◦ is observed. This results in an ‘M’ shaped signature. Observations in the
southern hemisphere at Saturn would show a ‘W’ signature with the same pitch
angle coverage. The energy-latitude dispersion can also be seen in Figure 6.13, with
the peak (at 0◦ pitch angles) and minimum (at 120◦ pitch angles in this observation)
energies decreasing with time and latitude.
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From these energy pitch-angle dispersions and also using the BUR82 method
described in Chapter 5.2, the distance to the reconnection site is determined for
both cusp observations. Examples of the dispersions observed after a full actuation
of the instrument can be seen for both days in Figure 6.14. The low-energy ion
cutoffs (dots) are marked with corresponding error bars propagated using the energy
resolution of the instrument. From this cutoff the model has been fitted, with the
result printed on the plot in units of Saturn radii (RS).
During the observation of an energy-latitude dispersion, all of the plasma is
assumed to be injected on the same magnetic field line at a similar location at
the magnetopause. Therefore the energy-pitch angle dispersions (for each actuator
sweep) would result in similar field aligned distance for the location of the recon-
nection during a single energy-latitude dispersion. Therefore, the JAN09 data were
divided into five intervals due to the presence of the five clear energy-latitude dis-
persions (underlined in Figure 6.4). As can be seen in Figure 6.13, the ion counts
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Figure 6.13: Energy-time spectrogram displaying the energy-pitch angle dispersion in
the data during the AUG08 event. Top panel: CAPS-IMS ion observations from anode 5;
bottom panel: the corresponding pitch angle observed by anode 5 as the instrument actuates.
The baﬄe through which the ions enter to be detected by the instrument’s anodes represents
a rectangular surface. Therefore the pitch-angle of each corner of the anode’s ‘view’ as well
as the pitch-angle of the centre is shown in the bottom panel.
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Figure 6.14: Examples of an ion pitch angle dispersion observed by IMS for the (a) JAN09
and (b) AUG08 events. Also shown is the modelled curve created using the BUR82 method,
which estimates the distance (D) to the reconnection site in RS .
decrease with spacecraft time from the start of the energy-latitude dispersion, and
so the observed pitch-angle dispersions become less clear. For AUG08 the data were
binned into four intervals, however due to the lack of clear energy-pitch angle dis-
persion or an unsuccessful fitting of the BUR82 model (or a combination of the the
two) there are no results for the last two bins, and only two model fits for the second
bin. Table 6.2 shows the results of the binned field-aligned reconnection distances.
The errors on the average ∆x¯ were calculated using the following error propagation
equation:
∆x¯ =
√√√√ 1
n2
n∑
i=1
∆x2i (6.3)
where ∆xi are the individual errors on results which are then binned (n is the
number of results in a bin). The standard deviation shows how much variation
there is from the mean (i.e the scatter), for bins with more than two results. A full
table of all the individual results is shown in Appendix A.
6.5 Summary, Discussion and Conclusions
For the JAN09 event, the overall plasma observations show that Cassini observed
high energy tenuous plasma in the magnetosphere. As the spacecraft travelled to
higher latitudes, it passed through field-aligned currents. The magnetic signature
of the current was observed in the Bφ component of the magnetic field, as rotations
whilst travelling poleward and planetward. Whistler like emission was observed
in the RPWS instrument; emission previously shown to occur with FACs. The
particle data show enhancements in electron flux (in the appropriate directions)
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Table 6.2: The field-aligned distances from Cassini to the site of reconnection calculated
from ion pitch angle-energy dispersions for the JAN09 and AUG08 observations. The second
and third dispersions for AUG08 have been binned together. The mean distances are shown
with their propagated standard errors, as well as the standard deviation from the mean.
21st Jan 2009
Time Mean Distance Standard
(UT) (RS) Deviation (RS)
11:00-11:50 27 ± 5 8
11:50-12:45 39 ± 7 7
12:45-15:00 49 ± 6 6
15:00-17:00 51 ± 2 5
17:00-18:00 46 ± 4 10
3rd Aug 2008
Time Mean Distance Standard
(UT) (RS) Deviation (RS)
14:47 – 16:06 32 ± 7 3
18:39 – 18:49 26 ± 8 −
18:50 – 19:30 − −
20:47 – 22:04 − −
intermittently for the four FACs in ELS, every time for the first three in INCA
(when the FOV of the instruments is conducive for these observations) and no
enhancements in the final FAC. These currents are interpreted to lie on the open-
closed field line boundary. The study investigating the location of the open-closed
boundary reported by Jinks et al. (2014) found it to lie between an ionospheric
colatitude of 10◦ (from plasma data) and 12◦ (from RPWS data) during the orbit
that the AUG08 observation takes place. Using a dipole approximation, the value
for the invariant colatitude at the point from when the spacecraft enters the cusp
was found to be ∼9◦. The authors do not investigate the JAN09 event’s orbit,
however the invariant colatitude of the FACs were found to be ∼11◦; this is lower
than the average of 13.3◦ that Jinks et al. (2014) found in the northern hemisphere,
but similar to the AUG08 event.
The observations of the two FACs in the equatorward part of the cusp are
interpreted to represent layers that moved towards and away from the spacecraft
without completely passing over it. This means that the spacecraft observed the
FAC magnetic signature without fully traversing it (and therefore did not observe
the corresponding particles). For the AUG08 event, the spacecraft also passed
through the magnetosphere directly into the cusp, with no FACs observed on the
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open-closed field line boundary.
Evidence that reconnection was occurring from auroral observations has already
been reported for the JAN09 observations. Radioti et al. (2013) suggested that the
consecutive brightenings of the auroral bifurcations are due to multiple reconnection
along the same magnetic flux tube. From the available IMS data it is not possible to
infer whether this is happening during these observations; however the conclusion is
that both the in situ data and the UVIS observations confirm dayside reconnection
is occurring on this day.
Whilst in the cusp (for both days of observation), IMS observed ion energy-
latitude dispersions: consistent with the effect of magnetopause reconnection and
poleward convection of open field lines. There also could be a possible azimuthal
component to the dispersion due to the subcorotating field lines, however this is not
investigated in this report. The ion compositions from time-of-flight observations
by IMS show that the water group ion abundance are extremely low, with back-
ground levels of counts observed for the majority of the time. In comparison to the
magnetosphere (as a percentage of the H+ counts) the water group ion fluxes are
found to be up to six times lower than in the magnetosphere for JAN09, and up to
fifty times less for AUG08.
The m/q=2 ions in the cusp are suggested to be He++ and not H+2 , as they
are found to be significantly lower in abundance compared to the magnetosphere,
with similar values to those found in the solar wind. The m/q=2 ions in the mag-
netosphere are assumed to be H+2 . The angular distributions of the ions in the cusp
show that they are observed when the look direction of the instrument includes
the direction below the spacecraft (equatorward, and perpendicular to the planet-
ward direction), which is consistent with poleward convection of a newly opened
magnetospheric field line.
The changes in the plasma regime whilst in the cusp, as well as ‘step-like’
energy-latitude dispersions in the ion observations suggest that reconnection is
pulsed at the magnetopause, and not steady (Lockwood and Smith 1994). Examples
of cusp ion steps at the terrestrial cusp are presented in Figure 6.15 (Lockwood et al.
2001; Farrugia et al. 1998). The JAN09 and AUG08 observations are much more
similar to the observations in panel a. The steps in the observations from panel a)
are abrupt due to the large variations (falling to almost zero) in the reconnection
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Figure 6.15: Adapted examples of terrestrial stepped ion energy latitude dispersions from:
a) Lockwood et al. (2001) and b) Farrugia et al. (1998).
rate. The observations presented in panel b) show steps which have ‘ramps’ between
them, making them less abrupt. This is due to the reconnection rate not varying
significantly between the ion enhancements. The dispersions are also less clear in
the latter observation due to the spacecraft having a larger longitudinal component
to its trajectory. This comparison suggests the reconnection was pulsed at Saturn
during the cusp observations, with reconnection slowing in between the ‘bursts’.
Also observed are ion energy pitch-angle dispersions, which have been used to
calculate the varying field-aligned distance to the reconnection site. The reconnec-
tion distance values for both days examined in this chapter share similar values.
The distances are consistent with reconnection sites occurring near the subsolar re-
gion and slightly towards the north for the earlier JAN09 bins and for the AUG08
event, which is in agreement with the findings of Desroche et al. (2013) (reconnec-
tion sites poleward of the subsolar region). In contrast, for the later JAN09 bins the
locations of the reconnection site are consistent with a position southward of the
subsolar point. The calculations for the different bins for the JAN09 show that the
reconnection location during the cusp observation moves southward from a north-
ern position on the magnetopasue, passing near the subsolar point and ending in a
southern position. The results indicate that while reconnection is occurring along
the magnetopause, it is probably not occurring in a steady manner.
The trajectory for AUG08 explores a greater region of local time in comparison
to JAN09, and so the observations show that the cusp is spread in local time. There-
fore the energy-time dispersions for AUG08 are more likely to contain an element
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of azimuthal dispersion as the open field line sub-corotates with the planet, as well
as the usual poleward dispersion associated with analogous events at Earth. The
Earth’s cusp can also be spread in local time when there is a strong By component
of the IMF however, without accurate solar wind data at Saturn, this cannot be
further investigated. For the JAN09 event, where a subsolar reconnection site is
predicted, it is much more likely that an azimuthal convection at Saturn, due to
the sub-corotation of the field line, is the cause. If the IMF has a large By compo-
nent, then reconnection will most likely be suppressed (Masters et al. 2012), at the
subsolar point. Reconnection will most likely occur when there are large local shear
angles (so a small By component), decreasing the likelihood that the azimuthal mo-
tion is due to the IMF By. However as the magnetosheath magnetic field is draped
along the magnetopause, reconnection could occur away from the subsolar point
where the IMF field has a By component, and therefore azimuthal motion of the
cusp could be occuring similarly to Earth observations. Badman et al. (2013) have
previously reported reconnection occurring with the IMF having a By component.
Multiple ion energy-latitude dispersions are likely due to temporal variations,
as studied previously at Earth. As changes in the electron flux and energy at the
edges of the dispersions are observed, as well as a change in the plasma composition,
this is interpreted to not be a spatial feature (i.e. the ‘wobbling’ of the cusp over
the spacecraft). If this was the case, one would expect a similar observation to that
which is shown in Figure 2.7, where there is a normal followed by a reverse-sense
dispersion. Instead, a step-up in the ion energy-latitude dispersions is observed, as
well as increases in the energy flux, showing that the spacecraft is passing through
cusp plasma with different reconnection histories.
In conclusion, Cassini did cross the Kronian cusp, and this is the first such
analysis presented at Saturn. The characteristics of the cusp at Saturn are very
similar to the terrestrial cusp, with the presence of two types of dispersions: energy-
latitude and energy-pitch angle. The observations on the different days are very
similar. The plasma observations are not continuous, with many changes in the
energy and flux which are matched with the ion energy-latitude dispersions, showing
that these observations occurred during very active reconnection events. Both days’
observations begin in the magnetosphere and transition into the cusp followed by the
polar cap. At Earth the cusp has been observed more intermittently between layers
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of the magnetosphere or separately within the polar cap. These two observations
at Saturn show that the cusp might be a more defined layer directly between the
magnetosphere and polar cap, which is not unreasonable due to generally lower
reconnection rate values at Saturn. The duration of the cusp crossing was large in
comparison to Earth (hours as opposed to tens of minutes at Earth; e.g., Pitout
et al. 2009)]. The spacecraft velocity during the JAN09 and AUG08 events was ∼6
km s−1 and ∼9 km s−1 with observation durations of approximately 8 and 7 hours,
respectively. The velocity of the Cluster (C1) spacecraft in the example shown in
Figure 2.4, is ∼4.5 km s−1 with an observation duration of 0.5 hours. Therefore
the duration of the observation (to a first approximation) is due to the cusp being
significantly larger at Saturn, rather than a difference in spacecraft velocity. This
study also confirms that, although it has been previously reported that magnetic
reconnection at Saturn is suppressed (Masters et al. 2012), there are instances when
reconnection does occur, and its effects can be observed in the manifestation of solar
wind plasma entering into the magnetosphere via the cusp.
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Chapter 7
Survey of differing Cusp Observations
at Saturn
This chapter presents a survey of the different types of cusp observations made by
Cassini between 2007 and 2013. Nine events are discussed and presented in four
different groups: southern summer, isolated cusp, tenuous plasma, and northern
summer. The data from one example case study is discussed in detail from each
group, with the full data from the other cusps displayed in Appendix B. Also pre-
sented are propagated upstream solar wind conditions in Section 7.6. The trajectory
and location of the cusps are presented in Section 7.7.
7.1 Southern ‘Summer’ 2007 Cusp
This section discusses three observations made in early 2007 and are the only in-
stances where the cusp is traversed in the southern hemisphere. Two of the events
involve observing the cusp twice with a temporal separation of approximately Sat-
urn’s rotational period of ∼10.7 hours. These occurred on the 16th of January (from
now on known as ‘JAN07’), and the 1st−2nd of February (‘FEB07’). These obser-
vations will be published in a paper (Arridge et al., in prep.) which is currently in
preparation (at the time of writing of this thesis). Any work not done by myself
from this paper will be explicitly specified (and can be found as part of the brief
discussion in Section 7.1.2 [found on page 157], and the reconnection distances cal-
culated for JAN07 and FEB07 can be found in Table 7.1 [on page 169]). Otherwise
the work has been my own.
In this thesis, the individual cusps from each of these days will be labelled with
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suffixes of ‘a’ and ‘b’ in order to distinguish between the two when necessary. The
final observation occurred on the 8th of March (‘MAR07’) and was of a solitary cusp.
The trajectory for all the events occurs with the spacecraft travelling equatorward,
duskward (crossing near-noon) and anti-planetward.
7.1.1 Overview of an example case study − FEB07
The two days of data presented in Figure 7.1 are probably one of the most interesting
sets of observations made by Cassini in the high-latitude magnetosphere, due to the
variety of different boundary crossings that occur, with the spacecraft travelling
all the way from the polar cap into the solar wind within ∼17RS . The different
boundaries are separated by dashed lines, and the different regions are labelled at
the top.
Figure 7.1 starts at 12:00 on the 1st of February, and ends at 24:00 UT on the
2nd of February. At the start of the event background levels of electrons and ions
are observed in ELS, IMS and LEMMS, which is interpreted to be the spacecraft
traversing field lines connected to the polar cap, where no plasma above the de-
tectability threshold of the instruments is observed. At ∼15:30 UT the spacecraft
enters the cusp (FEB07−a), where plasma with low energies and a high density
is present (LEMMS still only observes noise in panel c). An ion energy−latitude
dispersion is observed; it is orientated in the opposite direction to the examples
shown in the previous chapter, due to the spacecraft travelling equatorward and
not poleward, and therefore causing the low energy ions to be observed first. The
compositional analysis of the ions reveals that the W+ species are one or two counts
above the background level during this time, and therefore the signal-to-noise ra-
tio is low. As discussed in the previous chapter, due to the low ratio (to H+) of
the m/q=2 ions, this species is interpreted to be He++, and its abundance as a
percentage of H+ is found to be 1.9±0.04%.
The magnetic field magnitude is observed to decrease (panel e) upon entering
the cusp reaching a maximum drop of ∼4 nT at 17:50 UT (marked by a blue arrow
labelled ‘depression’). The drop in magnitude is greater than the overall gradual
decrease of the field strength due to the anti-planetward trajectory of the space-
craft. This diamagnetic depression is a characteristic observation at the terrestrial
cusp. Upon leaving the cusp and entering the magnetosphere at 18:52 UT, the
magnetic field strength does not increase sharply, but instead more gradually, with
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Figure 7.1: Cassini data presented for the 1st and 2nd of February 2007 observations. The
figure starts at 12:00 UT on the 1st and ends at 24:00 UT on the 2nd. The data are shown
in the following order: a) CAPS-ELS electron spectrogram (all anodes averaged), b) CAPS-
IMS ion spectrogram from anode 5, c) MIMI-LEMMS high energy electron spectrogram,
d) the three components of the magnetic field in KRTP coordinates from MAG and e) the
magnetic field magnitude from MAG. The polar cap is labelled as ‘PC’, the magnetosphere
as ‘M’sphere’ and the magnetosheath as ‘S’. The bow shock is crossed approximately 15
minutes before the end of the plot, however a dashed line has not been drawn as it would
be bordering the edge of the figure.
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the complete depression not centred on the centre of the cusp interval. A narrow
boundary layer is observed just before entering the magnetosphere where we see a
small increase in flux of energetic electrons in LEMMS from 18:20 UT, as well as a
gradual increase in energy of the observed electrons in ELS (just prior to the second
grey dashed vertical line).
Cassini is in the magnetosphere where observations of higher energy electrons
are observed in LEMMS and ELS. In the magnetosphere the large ratio (to H+) of
the m/q=2 ions leads to its interpretation as H+2 (it was interpreted to be He
++
in the cusp), and has a percentage (of H+) of 9.0±0.3%. Before entering the cusp
a second time, the spacecraft crosses another boundary layer where lower energy
electrons (compared to the magnetosphere, but higher than the cusp) are observed
for twenty minutes (this can be seen just before the third grey dashed vertical line).
At ∼00:25 UT (now the 2nd of February), the spacecraft enters the cusp once again
(FEB07−b). The ions display a ‘reverse sense’ energy-latitude dispersion. The ion
composition shows a larger ratio (than the first cusp) for He++ (m/q=2) to H+,
which is 4.7±0.02%. Lower fluxes of high energy electrons are still observed in
LEMMS (c), implying there is some mixing of plasma from the magnetosphere in
the cusp. Another diamagnetic depression is observed with a decrease from ∼8 to
1 nT observed, which is much stronger than that observed at FEB07−a.
The spacecraft re-enters the magnetosphere at 02:46 UT where no boundary
layer is observed such as the one for FEB07-a. The spacecraft remains in the
magnetosphere until 11:26 UT where it crosses the magnetopause and enters the
magnetosheath (labelled ‘S’ in Figure 7.1), where there is a significant drop in the
magnetic field strength as well as a rotation. A further five magnetopause crossings
occur at 12:36 (inward), 12:40 (outward), 12:42 (inward), ∼14:00 (outward) and
15:23 UT (inward), with the magnetosheath and magnetosphere observed in between
the boundary crossings. A comparison of the cusp and magnetosheath plasma in
this figure shows the similarity in the density and energy between the two regions,
which is unsurprising as the the latter is the source for the former (assuming that
the cusp plasma was injected from a similar region in the magnetosheath, i.e. near
the subsolar point).
Analysis of the first magnetopause crossing is presented in Figure 7.2. During
this magnetopause crossing the plasma β is calculated on either side of the magne-
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Figure 7.2: The first magnetopause crossing during the FEB07 event is presented in
the following order: a) the components and magnitude of the magnetic field, b) electron
spectrogram from anode 5 of ELS and c) the magnetic pressure and the components of the
plasma pressure used to calculate the plasma beta (β) on either side of the magnetopause
current layer.
topause current layer. The magnetopause current layer is observed between 11:26:16
and 11:26:29 UT. To calculate the total plasma pressure, the pressure moments from
ELS and IMS (Lewis et al. 2010; Thomsen et al. 2010) are taken for the low energy
particles as well as particle pressures from the MIMI instrument for the high-energy
particle population (the pressure calculation for the MIMI bin centred at 11:24 is
not used as it overlaps the magnetopause). The IMS produces pressure moments
for three groups of species: H+, H+2 /He
++, and W+. Averages of 1, 5, 10 and 15
minutes are taken from the MAG, ELS, MIMI and IMS data respectively. There
were no reliable water group moments available for this analysis, and the only avail-
able H+2 /He
++ pressure moment before the magnetopause crossing is at 12:00 UT,
which is used here (but its not within the 15 minutes average). This would lead to a
slight underestimation of the plasma β value. From the results, the magnetosphere
has a plasma-β value of ∼1, which is below the average (∼2) found in the survey
reported by (Masters et al. 2012). The value found in the magnetosheath is signifi-
cantly higher at β∼46, and is found in the upper limit of the median values found
at Saturn’s magnetosheath (Masters et al. 2012). The magnetic shear across the
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boundary was found to be ∼150◦, which would most likely result in reconnection
to be suppressed locally (with the observed values of plasma β). Of course these
values are not directly associated with the cusp observations. The location where
reconnection took place to inject the plasma would have been present along the
magnetopause with slightly different local conditions in comparison. However if the
magnetosheath β value was similar at the reconnection site for the cusp plasma en-
try to the magnetopause crossing analysed here (which is not an unfair assumption
due to the increase in Alfve´nic Mach number during this event [see Section 7.6]),
then the magnetic shear must have been near anti-parallel when the plasma was
injected into the cusp.
Cassini remains in the magnetosphere until 23:32 UT. Between ∼ 20:00 until
23:00 UT, bursts of high energy electron flux are seen with a period of approximately
one hour. These bursts are similar to those reported by (Mitchell et al. 2009;
Badman et al. 2012a; Roussos et al. 2015). The magnetosheath is observed once
again until 23:54 UT, where the spacecraft crosses the bow shock and enters the
solar wind.
This is a very interesting day that shows that the magnetosphere is being very
severely compressed, with the solar wind observed at 17 RS and a magnetosphere-
to-solar wind crossing of only 25 minutes. Observations an hour later at the next
bow shock crossing show electrons accelerated to relativistic speeds (Masters et al.
2013).
7.1.2 Summary of other observations − JAN07 & MAR07
Both the JAN07 and MAR07 events occur in the southern hemisphere, and both
follow the same order of observations; the spacecraft starts in the polar cap, and
travelling equatorward crosses through the cusp and into the magnetosphere. How-
ever, similar to the FEB07 observations, the JAN07 event observes the cusp twice,
this time with a separation of ∼7 hours.
In the first cusp observation (JAN07-a, shown in Appendix B), the water group
ion counts are only slightly above the background, and just like in the previous
examples the plasma composition is largely dominated by He++([m/q=2]/H+ of
1.78±0.03%). There is a brief transition from the cusp to the magnetosphere via
a boundary layer of electrons with slightly higher energies. A small magnetic field
depression is observed, with the minima centred on the boundary layer, and contin-
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Figure 7.3: A higher time resolution figure focusing on the cusp boundary layer observed
for the JAN07-b event. Particle observations are presented in panel a) electrons from CAPS-
ELS data, (b) ions from IMS data and (c) energetic electrons from MIMI-LEMMS data.
uing into the magnetosphere for a short period of time. This is very similar to the
FEB07-a diamagnetic depression observation, but shallower.
Whilst in the magnetosphere the water group has an abundance (as a percentage
of H+) of 3.5±0.24 and the [m/q=2] ions are interpreted to be H+2 due to the
high percentages of H+ of 10.3±0.1. Before entering the cusp a second time, the
spacecraft observes the longest in duration boundary layer of all the observations,
spanning ∼1 hour, see Figure 7.3 (labelled ‘BL’ in the figure). The boundary layer
can be seen as a gradual decrease in energy of electrons in both the ELS and LEMMS
instruments, as well as an increase in flux of ions when entering the cusp. The
spacecraft then enters the cusp (labelled ‘Mixed Layer/Cusp’ in the figure) at ∼16:10
UT. This region has a lower percentage of [m/q=2] ions (as % of H+) than the
magnetosphere, but higher than the cusp, 6.8±0.1%. This is interpreted to be
a mixed layer of both solar wind He++ and magnetospheric H+2 (hence the label
as a mixed layer/cusp). This is supported by the angular distributions of the ions
(Figure 7.4), which show the ions to be observed from a direction of both the subsolar
point and corotation. The W+ ions are also similar in percentage (of H+) to the
magnetosphere with 3.9±0.2%. There is also an energy-latitude dispersion observed
in the ‘mixed layer-cusp’ (underlined in the Figure 7.3b), as well as a magnetic field
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depression (shown in Figure B.1).
The entry into this mixed layer is marked by the increase in the electron and
ion densities. The plasma is slightly higher in energy than the next region labelled
‘cusp’, and higher density than the magnetosphere, however no high energy electrons
are observed above the background level in LEMMS. The lack of energetic electrons
as well as the large increase in ion density (and composition) also supports this
to be the cusp and not a boundary layer or the magnetosphere. Large counts of
W+ ions suggest that during these observations plasma of both solar wind and
magnetospheric origin (which were energised at the reconnection site and injected
through the cusp) are observed.
Whilst in the ‘cusp’ (labelled in Figure 7.3) there is a very large increase in flux
of ions and low energy electrons. There is a strong diamagnetic depression (shown
in Figure B.1 of the appendices), with a global decrease in the magnetic field as well
as two very intense acute depressions. Upon re-entering the magnetosphere, the
spacecraft passes through another boundary layer for ∼5 minutes, where a gradual
increase is observed in the energy of the electrons in ELS and increased fluxes in
LEMMS.
Therefore the JAN07-b cusp is characterised by two different plasma regions.
This is similar to the different regions observed in the JAN09 and AUG08 events
(discussed in the previous chapter), where multiple dispersions were seen, except
here the differences in plasma density and energy are more pronounced. Instead
of stepped ion-energy latitude dispersion there is a ‘step up’ in the density of the
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Figure 7.4: The angular distributions of the ions during the mixed layer of the JAN07-b
event at 16:30 UT, and the JAN07-a cusp at 11:00 UT. The spacecraft is in the southern
hemisphere, just before noon (∼11:00) LT.
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ions (a step-up in the maximum energy of the ions is also observed). This would
imply that (like the previous examples) the spacecraft is crossing field lines which
have a different reconnection history. Unlike the previous examples where the effect
is partly due to the difference in the field line convection and spacecraft velocities,
the step in this example is more likely due to a different location of magnetopause
reconnection with different local conditions as supported by the large change in
plasma parameters.
The observation of the cusp twice with large time separations has been in-
terpreted to be due to the oscillation of the cusp (Arridge et al., in prep.). The
auroral oval has been shown to oscillate with a period near Saturn’s rotational pe-
riod (Nichols et al. 2008, 2010), and is produced from particles precipitating from
field aligned currents due to the rotational shear between open and outer closed field
lines (Bunce et al. 2008b). Therefore if the oval oscillates then one would expect
the ionospheric location of the cusp (which is just poleward of the open-closed field
line boundary) to also be observed to oscillate if the trajectory of the spacecraft
is suitable (the analysis for this result was done by C. S. Arridge for the paper
in preparation). It has also been shown that the southern polar cap boundary is
controlled by the southern planetary period oscillation phase (Jinks et al. 2014) but
not for the northern polar cap. However Bunce et al. (2014) have shown that the
northern auroral oval also oscillates, and therefore this would imply that the north-
ern cusp may also oscillate. This may not be observed in the JAN09 and AUG08
observations because the trajectory of the spacecraft was not conducive to such an
event occurring. However, this has not been quantitatively examined in this thesis.
If the ‘cusp oscillation’ interpretation is correct then this would explain the
‘reverse-sense’ dispersion observed in JAN07-b and FEB07-b to actually be a
normal-sense dispersion observed in reverse as the cusp oscillates back over the
spacecraft (and not a signature of lobe reconnection). This scenario will now be
explained.
The ion energy-latitude dispersion in the JAN07-b event (Figure 7.3) is in the
opposite direction of the JAN07-a cusp. Normally this would be understood to be
a change in the location of the reconnection site from a subsolar position to a lobe
location. However with an oscillating cusp (and an auroral oval), this is no longer a
definite conclusion.By looking at the direction arrival of the ions, the meaning of the
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Figure 7.5: An illustration of the observation of a reverse ion-energy latitude dispersion
whilst the cusp is oscillating (‘E’ is energy).
energy-latitude dispersions can be determined. For both dispersions in JAN07 (a
and b) the ions are observed from a subsolar direction (see Figure 7.4, (a) shows an
example of the observed ion direction for JAN07-b, whilst (b) shows it for JAN07-
a). For the FEB07-a observation the ions are also observed from this direction.
However for the FEB07-b interval the instrument is not fully actuating (actuation
is less than ∼1◦min−1), and so no meaningful conclusions as to whether there are
more counts observed in a particular direction can be made. The spacecraft is
travelling equatorward so for the first cusp crossing (JAN07-a) the spacecraft (with
a velocity filter arising from subsolar reconnection) observes the low energy ions first,
followed by the energetic ions, as seen in Figure 7.5a (green arrow is the spacecraft
trajectory). The spacecraft then enters the magnetosphere. Ten hours later, the
cusp then oscillates back over the spacecraft which is shown in panel b (green arrows
now show the motion of the cusp over the spacecraft). This time (with respect to
the spacecraft) the spacecraft enters the cusp from the same position it left, so the
higher energy ions are observed first. This results in a dispersion observed in the
opposite direction, even though reconnection is not occurring in the lobes.
The MAR07 event is very similar to the first forays into the southern cusp of
the previous two examples (JAN07-a and FEB07-a) and is shown in Figure B.2.
Before entering the cusp, CAPS observes very tenuous bursts of plasma with low
energies, which could be the plasma mantle. However there is no significant increase
in electron flux in the anti-planetward direction to support this hypothesis (CAPS
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Figure 7.6: A high-time resolution spectrogram of the ion observations from IMS display-
ing the two different energy-latitude dispersions (underlined) from the MAR07 event (panel
a). Panels b and c, show the angular distributions of the ions at a point in each dispersion
(the times relative to the spectrogram are shown with arrows).
covered pitch angles of 80−180◦).
Once in the cusp, there are two energy-latitude dispersions. The first is a
‘reverse sense’ dispersion, underlined in Figure 7.6a. The ions observed are arriving
from a higher latitude, in the anti field-aligned direction, where one would expect
lobe reconnection to be occurring, shown in panel b (the labels ‘b’ and ‘c’ show what
time the corresponding angular distribution plots in panels a and b correspond to in
the spectrogram in panel a). The second dispersion is a ‘normal sense’ dispersion,
with the ions arriving from an equatorward direction. This is also supported by
the angular distributions of the ions. Therefore unlike the previous two examples
(JAN07 and FEB07) the change in dispersion orientation is due to reconnection
occurring in two opposite locations (lobe and subsolar positions). Of course, without
multiple spacecraft, it is not possible to determine whether reconnection in these
two locations was occurring at the same time or not.
In both dispersions in the MAR07 data, there is an azimuthal component in
the ion arrival direction, which would most likely be due to a large By component
of the IMF, dragging the field line in the opposite direction to corotation. The two
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dispersions are also accompanied by a slight energisation of electrons between the
two populations. When leaving the cusp into the magnetosphere, the spacecraft
once again observes a narrow boundary layer of plasma with decreasing density and
an increasing energy (shown in Figure B.2).
In all of these cusp events, there is a boundary layer observed before crossing
into the magnetosphere from the cusp. This is observed as a mixing of the magne-
tospheric and magnetosheath particles as well as an observed gradual increase (or
decrease if entering the cusp from the magnetosphere) of the electron energy in ELS,
and increases in flux of energetic electrons in LEMMS.
7.2 Isolated Cusp
Presented in this section is an interesting observation of a cusp not directly adjacent
to the magnetosphere, but isolated from it by a brief traversal of the polar cap. The
event occurred on the 25th of May 2008 (from now on called ‘MAY08’), and was
observed in the northern hemisphere, with the spacecraft travelling polewards, and
planetward. The MAY08 event occurs with the spacecraft (unlike in the previous
cusps) in the polar cap, with no plasma observed within the detectability threshold
of the instrumentation. There is no direct transition of the spacecraft from the
magnetosphere through to the cusp. Instead the spacecraft exits the polar cap,
passes through a brief boundary layer, characterised by very tenuous plasma, and
then proceeds through to cross the cusp.
7.2.1 Overview of the MAY08 observation
The data is presented in Figure 7.7. The spacecraft is already in the polar cap at
00:00 UT where plasma detection was at the background level of the instrumen-
tation. A very tenuous electron population is seen until 01:30 UT, with energies
slightly higher than those in the cusp, representing a boundary layer before entering
the cusp. At 01:30 until 02:30 UT the spacecraft observes dense cold electrons in
the cusp, and very high fluxes of ions in the energy-latitude dispersion.
For the first half an hour after exiting the cusp, the spacecraft observes very
low fluxes above the background, and then for the following half hour, a higher
energy population of electrons are observed in ELS and LEMMS (the high fluxes
below ∼25 keV just after 05:00 and 08:30 UT are light contamination in the LEMMS
instrument). This is interpreted to be the same or a similar boundary layer that was
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Figure 7.7: Observations from the 25th of May 2008, with the cusp observed at
01:30−02:30 and 03:30−07:45 UT. From top to bottom: i and ii) show the ion angular
distributions during the first two ion dispersions, a) electrons from CAPS-ELS, b) ions from
CAPS-IMS, c) high-energy electrons from MIMI-LEMMS, d) the three components of the
magnetic field in KRTP coordinates from MAG and e) the magnitude of the magnetic field
also observed by MAG.
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observed by the spacecraft before entering the cusp (at 01:30 UT). Upon re-entering
the cusp at 03:30 UT, the higher energy electrons are observed for almost an hour
in the cusp. There are a few bursts of increased flux in the plasma, with the largest
being associated with a small magnetic depression at ∼04:10 UT. There is a clear
energy-latitude dispersion, with a gradual decrease in flux. At 06:40 UT, there is
another dispersion with an increase in ion energy observed, before the cusp is exited
at ∼09:00UT and the spacecraft re-enters the polar cap.
For the first dispersion (at 01:30-02:30 UT), the ion angular distributions can
be seen in Figure 7.7i). It can be seen in the plot that the look direction does not
vary significantly for half an hour (in this example) and that for most of the first
dispersion the instrument was not actuating, resulting in (including the spacecraft
not rolling) the FOV not moving greatly. At 00:00−02:00 UT the actuator was not
fully actuating and was moving at ∼0.02◦ s−1. At 02:00−04:00 the actuator is fixed
in position, and full actuation resumes at 04:00 UT. At 04:00 UT there is an increase
in the electron and ion flux. Panel ii) presents the angular distributions of the ions
during the second cusp dispersion, showing that there are increases in ion flux from
the direction ‘below’ the spacecraft. Whereas previous examples showed the ions
to be observed from a more equatorward direction, this example shows that they
also have a slightly anti-planetward arrival direction at the spacecraft, suggesting
that the ions were injected at a location northward of the subsolar point, possibly
at higher latitudes.
The isolated nature of the cusp could hence be explained by an onset of recon-
nection after the spacecraft crossed the open-closed field line boundary. Once the
spacecraft had entered open field lines where no plasma was observed, reconnection
had taken place. The reconnected field lines then subsequently convected over the
spacecraft, at which time injected plasma was observed by the spacecraft.
7.3 Tenous Cusp Observations
7.3.1 Overview of both observations
The two observations in question have been grouped together, due to the similarity
in the ELS and IMS data, and the relevant observations having short timescales.
The days of the observations were 24th of September 2008 (‘SEP08’) and 23rd of
November 2008 (‘NOV08’).
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Figure 7.8: Observations from the 23rd of November 2008, with the cusp observed at
06:15−06:45 UT. From top to bottom: a) electrons from CAPS-ELS, b) ions from CAPS-
IMS, c) high-energy electrons from MIMI-LEMMS, d) the three components of the magnetic
field in KRTP coordinates from MAG and e) the magnitude of the magnetic field also
observed by MAG.
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The data for the NOV08 observations are presented in Figure 7.8. Before
the cusp observation, the spacecraft (similar to previous cusp intervals) crossed a
boundary layer, where the energy of the electrons gradually decreased (observed
by ELS and LEMMS panels a and c). The determination of the composition of
these ions is difficult due to the TOF accumulation overlapping the boundary layer
and the cusp. However in the magnetosphere (03:54−05:36 UT) the water group
percentage (of H+) was 5.3±0.4%, which decreased to 1.3±0.2% in the overlapping
bin (05:36−06:27 UT). There were no W+ counts above the background level in the
cusp.
The start of the ‘pristine’ cusp observations was at 06:15 UT (06:50 for the
SEP08 event presented in Appendix B). High energy electrons are not observed
in MIMI-LEMMS (panel c) during the NOV08 cusp crossing, however during the
SEP08 observation they are. This could be due to the field line having only just
been reconnected and the high energy magnetospheric electrons have not had enough
time to leave the newly opened field line.
In both days the cusp observations do not last longer than approximately 30
minutes. Indeed the September observation has a data gap, and the actual data
are collected for no more than 10 minutes. However, the electrons are already lower
in energy before the data gap occurs, implying that Cassini may already be in the
cusp during the time of the data gap. Assuming the spacecraft is in the cusp during
the data gap, the cusp interval would be approximately 20 minutes in duration.
The NOV08 observations show a weak “normal-sense” ion dispersion, with high
energies observed at lower latitudes, indicating reconnection occurring at the dayside
sub solar magnetopause (Figure 7.8). The SEP08 observation does not show any
significant dispersion.
The magnetic field orientation for both observations is the same; very strongly
in the radial direction. The NOV08 observation (Figure 7.8) has a rotation in the
Bφ component at the start of the cusp crossing, and the Bθ is largely negligible.
The SEP08 observation on the other hand, has a largely negligible Bφ component,
with a slightly stronger Bθ component.
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7.4 Northern 2013 ‘Summer’ Cusp
The CAPS instrument was switched off permanently in 2012, due to a short circuit.
Therefore there are no low energy particle observations for the high latitude orbits in
2013, and so another source of data must be a base for the search for the cusp during
this period. MAG is used to locate magnetic field depressions which have been
observed frequently at the terrestrial cusp as well as in some previous Saturn cusp
examples. A study of the MAG data reveals three events with magnetic depressions
in the cusp which will be described in this section. The cusp crossings took place
on the 14th of June 2013 (‘JUN13’), 24th of July 2013 (‘JUL13’) and the 17th of
August 2013 (‘AUG13’). All three northern observations occur with the spacecraft
travelling equatorward in the pre-noon region, and are in the mid-to-high altitude
range (14−18 RS).
An overview of the JUN13 cusp will be presented, followed by a description
of the other events and a discussion. The observations of the JUL13 and AUG13
events can be found in Appendix B.
The cusp was identified using a combination of the MAG and LEMMS instru-
ments. First of all, a magnetic decrease greater than any gradual change of the
magnetic field strength (due to the spacecraft trajectory) identified the diamag-
netic depression. The spacecraft orbits will be discussed later, but the trajectories
favoured pre-noon northern observations, which occurred within ∼20 RS at high
latitudes. Southern observations occurred with large radial distance resulting in an
exit of the magnetosphere, and entry into the magnetosheath and solar wind before
high (southern) latitudes were reached.
Once a depression was located the energetic electron observations from LEMMS
were used to determine whether there was a decrease in (or a complete lack of)
flux, similar to previous cusp examples. A magnetic depression with no energetic
particles would provide evidence that there is a plausible plasma population below
the LEMMS detectability threshold present (that would have been observed by
CAPS had it still been activated).
Depressions are not observed in the AUG08, SEP08 and NOV08 observations.
This is largely reasoned to be due to their low radial distances (∼8−12 RS) from
the planet, making the field more difficult to depress, as well as very low density
plasma present in the SEP08 and NOV08 cusps (discussed in the next chapter in
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more detail). However the orbits during 2013 had large radial distances (>14 RS)
when the cusp would be most likely to be observed, making it more likely that a
detectable field depression would occur, if the cusp is traversed.
7.4.1 Overview of an example case study − JUN13
The data from the JUN13 observation is presented in Figure 7.9, where the high
energy electron (panel a) and magnetic field (panels b and c) data are shown. Before
entering the cusp, the spacecraft observes high-energy electron counts at the noise
level, with a burst of electrons occurring just before the cusp at 18:50 UT, which
coincides with a small rotation in the Bφ component of the magnetic field. The
magnetic field depression starts at 19:40 UT (with a field strength of ∼11.5 nT)
which is marked as the start of the cusp. At 21:00 UT, the depression reaches a
minimum field strength of ∼8.5 nT. At 21:40, there is local drop in the magnetic field
(∼1 nT), and a burst of high energy electrons, which is interpreted as a brief entry
into the boundary layer between the cusp and the magnetosphere, before re-entering
the cusp.
The cusp is exited at 22:10 UT, where the spacecraft enters a boundary layer of
increased flux of energetic electrons. At 22:35 UT there is a clear crossing into the
magnetosphere where LEMMS observes the highest fluxes of energetic electrons in
this event, which is also marked by a rotation in Bφ which could be the observation
of a field aligned current on the open-closed field line boundary. The Bφ rotation is
also clearly seen upon entering the boundary layer at ∼22:10 UT.
7.4.2 Summary of other observations
The JUN13 and JUL13 observations are similar in the fact that the magnetic field
depressions are also centred on the cusp position deduced from the LEMMS data.
The JUL13 event has no increase in flux of electrons observed in LEMMS when
exiting or entering the cusp. The cusp is defined by the magnetic field depression
and observation of He++ ions by CHEMS (shown in Figure C.4 and discussed in
the next chapter). There are short bursts (∼30 minutes) of increased flux an hour
and two hours before the start of the cusp, however this aspect is similar to the
MAY08 observation because it appears to be isolated within the polar cap. It is
not put in the same group as the MAY08 event, because it has a clear magnetic
field depression, and there is not an increase in flux of energetic electrons during
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Figure 7.9: Observations from the 14th of June 2013, with the cusp observed at
19:40−22:35 UT. From top to bottom: a) high-energy electrons from MIMI-LEMMS, b)
the three components of the magnetic field in KRTP coordinates from MAG and c) the
magnitude of the magnetic field also observed by MAG.
the observation.
The AUG13 cusp observation is in a sense the opposite of the JUL13 observation
because it is bounded on both sides to the magnetosphere. There is a boundary
layer observed for ∼4 hours before and ∼2.5 hours after the cusp interval, with
slightly lower fluxes of energetic electrons than the magnetosphere.
Whereas the magnetic field depression in the JUN13 observation is gradual, the
JUL13 and AUG13 observations both have large erratic changes in their depressions,
which would probably be due to density changes in the low energy plasma. During
the first half of the JUN13 depression, there are background levels of electrons ob-
served in LEMMS which, if the observation is similar to the 2007 cusp observations,
would imply that the depression is not centred on the cusp, but on the boundary
layer adjacent to the cusp. This boundary also has a rotation in the Bφ compo-
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nent of the magnetic field, marking the open-closed boundary with the magnetic
signature of a FAC (e.g. Bunce et al. 2008b; Jasinski et al. 2014).
7.5 Composition and Distance to the Reconnection Site
The composition of the cusp plasma as well as any regions adjacent have been
mentioned throughout the chapter, however a summary of the results for the events
presented in this chapter can be found in Table 7.1 (for the cusps with available
IMS data).
The magnetosphere adjacent to the cusp has a variety of W+/H+ percentages
ranging from 3.5±0.2% (JAN07) to 32.6±1.2% (AUG08). These percentages are
much lower in the cusp with the lowest being 0.29±0.02% and the highest 1.3±0.2%
(MAY08 and NOV08 respectively). The [m/q=2]/H+ in the magnetosphere ad-
jacent to the cusp has percentages from 8.3±0.27% to 28.2±0.1% (MAR07 and
AUG08, respectively), suggesting these ions to be H+2 . The ions would be expected
to be H+2 in the magnetosphere with approximate percentages of ∼10−20% (as
a percentage of H+) or more, whilst lower percentages for the [m/q=2] ions are
expected to be associated with He++ (Thomsen et al. 2010).
In the cusp these [m/q=2]/H+ values are lower, ranging between 1.5±0.05 and
4.76±0.03 (MAR07 and AUG08 respectively), which suggest that this component
of the plasma is He++ and of a solar wind origin. The region that is identified as
a ‘boundary layer’ (FEB07−b) that has been interpreted as having mixed cusp and
magnetospheric plasma with a value 7.42±0.04 % ([m/q=2]/H+), which is higher
than any of the cusp observations but lower than any of the magnetospheric obser-
vations, thus providing further evidence for our interpretation.
From the available ion energy-pitch angle dispersions the distance to the re-
connection site using the BUR82 method was also calculated. Similar to previous
cusp events, if the dispersion was not clear, the signal to noise ratio was low or the
model was unable to be successfully fitted, a calculation could be made. However
for the successful fits, the results were all binned together within the same energy-
latitude dispersions, with error propagated using Equation 6.3. The binned results
can be seen in Table 7.1. The individual results for separate dispersions can be
found in Appendix B. All the individual distances for FEB07 and JAN07 (found
in the appendix) were calculated by C. S. Arridge (for the paper Arridge et al., in
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prep.). The binned values are different here for the JAN07 event, as Arridge et al.,
do not treat the ‘mixed cusp layer’ in JAN07-b separate from the second dispersion
labelled ‘cusp’.
The calculated field-aligned distances were then traced along field-lines using
the Khurana et al. (2006) magnetospheric field-line model (alongside propagated
solar wind dynamic pressures which are discussed in the following section) and
the location of the reconnection site was estimated. The results can be seen in
Figure 7.10, where the locations are shown as if viewed from the Sun in the Y-Z
plane (in the KSM co-ordinate system). The estimated sites (for reconnection) occur
over a large range of locations, including low and high latitudes. The large calculated
field aligned distances (∼50 RS) for the JAN07-a and FEB07 events (as well as the
latter calculations for JAN09) are more feasible with an expanded magnetosphere.
For the JAN07-a and FEB07 events, if lower projections for the solar wind dynamic
pressure were to be used (than the solar wind model predicts), then these locations
would move equatorward. The distribution of the reconnection locations is largely
centred slightly poleward (towards the north) of the subsolar point, with only the
JAN09 event located very far south of the subsolar point.
7.6 Solar Wind Propagations
Unlike at the terrestrial magnetosphere, where there are spacecraft upstream of the
Kronian magnetosphere observing the conditions in the solar wind (SW), it is a lot
more difficult to correlate SW changes to processes in the magnetosphere with a
single spacecraft such as Cassini. Therefore solar wind propagation models are used
to try and estimate the conditions upstream of Saturn’s magnetosphere. For the
first part of this section, an in depth analysis of the solar wind conditions for the
JAN09 event is shown, which was partly presented in Jasinski et al. (2014). In the
following part, mSWiM (Zieger and Hansen 2008) model propagations are shown
for all the cusp events.
7.6.1 Estimations for the JAN09 cusp
In Figure 7.11, Saturn Kilometric Radiation (SKR) observations are presented as
well as model estimations (from two models: ENLIL and mSWiM) of the solar wind
conditions upstream of Saturn’s magnetosphere, from the 14th of January until the
9th of February (40th day of the year [DOY]) 2009. SKR can be used as a proxy
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Figure 7.10: A projection of the estimated locations of reconnection from the calculated
field-aligned distances (using the energy-pitch angle dispersions and the BUR82 model) are
shown in red, and associated errors in blue. The plot is in the Y-Z KSM plane (as viewed
from the Sun) with the sunlit planet in the centre and an average model magnetopause
location (dotted) also shown (calculated using the Kanani et al. (2010) model and the
compressed standoff distance value (22 RS) from the bimodal distribution found by Achilleos
et al. (2008)).
for upstream conditions. The increase of SKR intensity and subsequent extension
towards low frequencies has been often shown to arise from interplanetary shocks
(Desch and Rucker 1983, 1985; Badman et al. 2008), but also more recently from
internal processes as well (Lamy et al. 2013). SKR is observed by the Radio Plasma
Wave Science (RPWS) instrument (Gurnett et al. 2004), as is shown in the top
panel.
Model heliospheric solar wind conditions at Saturn modelled by ENLIL are
shown in the middle panels of Figure 7.11. ENLIL is a 3D magnetohydrodynamic
model of the heliosphere that is time-dependent. ENLIL uses and finds the solutions
to equations regarding plasma, magnetic field, momentum and energy transport us-
ing a Flux-Corrected-Transport algorithm, with initial and boundary conditions
set from ground-based solar magnetogram observations (Odstrcil 2003). The inner
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boundary of ENLIL is dependant on the coronal model to which it is connected,
either the Magnetohydrodynamic Algorithm outside a Sphere (MAS) or the Wang-
Sheeley-Arge (WSA) model. The ENLIL-MAS model was used for these observa-
tions. The MAS model extends from 1 Solar radius (R) to 30 R. Magnetograms
are used for the input at its inner boundary to determine the magnetic field radial
component. The density and temperature of the plasma are calculated from conser-
vation of momentum flux and thermal pressure balance. The model is run with an
initial start up phase of sixty simulated days before the input of the magnetogram,
to allow the inner boundary condition to influence the solution at Saturn. The
following 27.27 days in the model introduce the magnetogram inputs which then
propagate outwards to Saturn’s orbit.
In the two bottom panels of Figure 7.11 the mSWiM model is presented.
mSWiM is an MHD model of predicted solar wind conditions at various bodies
of interest, propagated from spacecraft observations at 1AU, from either Earth,
Stereo A or Stereo B spacecraft (Zieger and Hansen 2008). The most accurately
predicted solar wind property of the model is the solar wind velocity, followed by
the magnitude of the IMF and density. Ideally one would also like to use the normal
component of the IMF (BNormal − component closest to a planetary Z axis) to test
whether reconnection is controlled by the orientation of the IMF as for the Earth.
However, BNormal is very inaccurate having shown insignificant correlation between
model and observations. The propagations are most accurate for observations where
the selected spacecraft near Earth orbit (at 1 AU) and Saturn were aligned within 75
days of opposition. It has been shown that the uncertainty in predicted arrival time
near apparent opposition is ±15 hours. Propagations outside these alignments (75
days) are not as accurate but are, however, still statistically significant (Zieger and
Hansen 2008). The JAN09 event occurred within 31 days of apparent opposition.
From ENLIL, the following parameters are presented in Figure 7.11: subsolar
magnetopause distance, ram pressure, magnetic field strength and velocity. The
velocity (vSW ), number density and field strength (B) predicted at Saturn by the
models are used to calculate the dynamic pressure (PRAM ) of the solar wind using
the equation:
PRAM = ρv
2 (7.1)
7.6. Solar Wind Propagations 173
15 20 25 30 35 40
320
340
360
380
400
420
440
Time !DOY"
v!kms!1 "
0.0
0.2
0.4
0.6
0.8
n!cm!3 "15 20 25 30 35 400.0
0.02
0.04
0.06
0.08
0.10
Time !DOY"
P RAM
#nPa$
.0
0.2
0.4
0.6
0.8 %B%!nT"0.10!.08!.06!.04!
.02!
. 0!
P R
AM
 (n
Pa
)!
.8!
.6!
.6!
.4!
.2!
420!
.0!
|B
| (
nT
)!
.4!
.2!
.0!
n 
(c
m
-3
)!4 0!
380!
360!
340!
320!
V 
(k
m
 s-
1 )!
ENLIL!
ENLIL!
ENLIL!
ENLIL!
mSWiM!
SWiM!
Figure 7.11: Upstream conditions for 14 Jan - 9 Feb 2009. Saturn Kilometric Radiation
(SKR) as observed by RPWS (presented as a flux density at 1AU). The data have been
processed as explained by Lamy et al. (2008) [this panel was provided by L. Lamy ]. Below
the panel of SKR observations, presented are ENLIL solar wind conditions model results:
standoff distance of the magnetopause (estimated using dynamic pressure from ENLIL),
ram pressure, the magnetic field strength, velocity, and mSWiM propagated solar wind
conditions: velocity, number density, magnetic field magnitude and dynamic pressure (with
an uncertainty of 15 hours).
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The mass density (ρ) is calculated assuming the ions are protons (not including a
4% alpha particle population introduces an uncertainty of only ∼8% on the density).
The magnetopause stand-off distance (R0) is correlated approximately to the dy-
namic pressure by R0 ∼ P−1/5RAM (Hansen et al. 2005; Arridge et al. 2006; Kanani et al.
2010). Therefore the behaviour of PRAM represents whether the magnetosphere is
being compressed. For the ENLIL data the standoff distance is approximated by
using the equation:
Rstandoff =
5
√
B20
2µ0PRAM
(7.2)
where µ0 is the permeability of free space and B0 is the equatorial magnetic field
strength of the planet taken to be 21000 nT. This is a good first approximation of
the standoff distance for Saturn’s magnetopause. The Kanani et al. (2010) model
calculates a standoff distance using Rstandoff = 10.3P
−0.2
RAM (where PRAM here is
in nPa). A comparison of the results for an arbitrary dynamic pressure of 0.05
nPa, gives a standoff distance of ∼20 RS using Equation 7.2, and ∼19 RS using the
Kanani et al. (2010) model, showing that our calculations are a suitable approxi-
mation to determine Rstandoff as well as understanding whether the magnetosphere
is being compressed by the solar wind during these observations.
mSWiM observations are presented for the same time period, and present ve-
locity, number density, ram pressure and magnetic field strength. The day of the
cusp observations is marked by a dashed line on DOY 21.
Comparing mSWiM to ENLIL, it can be seen that the two different models
have very similar results. In both models, there are major peaks in the velocity,
magnetic field strength and ram pressure on ∼15 DOY. The second most distinctive
increase in solar wind parameters occurs on DOY∼34 (PRAM and |B|) in ENLIL,
however this is not seen in mSWiM for |B|, and is delayed for PRAM until DOY∼37-
38. Furthermore the peaks on DOY ∼40 in ENLIL occur two to three days earlier
in mSWiM. These can be explained by the temporal errors within the models. For
ENLIL, the arrival time uncertainty of the model at 5.4 AU can be at least 4 days and
may be larger at 9 AU (Jian et al. 2011), in comparison to an mSWiM uncertainty
of ∼15 hours.
The comparison of RPWS observations with both ENLIL and mSWiM simu-
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Figure 7.12: Saturn kilometric radiation as observed by RPWS on the day of the cusp
observation. On the x-axis is the universal time shown in hours. The data is presented as
a flux density at 1AU (Log W m−2 Hz−1)
lations over an extended period of time shows intensified SKR emission (observed
by RPWS) when (i) close to the predicted arrival (from ENLIL and mSWim) of
solar wind velocity fronts, around the time of our cusp observations on DOY 19-20
(modest increase of dynamic pressure), and other time periods on DOY 29-30 and
39-40 (larger increases of pressure) and (ii) at times seemingly unrelated to changes
in solar wind parameters. The first of these events (DOY 19-20) matches the inter-
val investigated above within the uncertainty of ENLIL propagation. This supports
the possibility that the magnetosphere was in a compressed state during the in-
terval examined here, which would provide more favourable conditions for dayside
reconnection (e.g., Jackman et al. 2004; Masters et al. 2012; Badman et al. 2013).
In Figure 7.12 high resolution dynamic spectra of RPWS-HFR data between
3.5 and 1500 kHz, of the SKR observations (Lamy et al. 2008) are presented. The
figure shows the whole day on the 21st of January 2009, with time in hours at
the bottom. During the time we have identified as a cusp crossing (∼11−19 hours
UT), there were intense SKR emissions extending to low frequencies (as low as 3.5
kHz) observed. Both the models and the observations of the SKR suggest that
the magnetosphere is being compressed making the conditions favourable for the
occurrence of dayside reconnection.
7.6.2 Survey of upstream conditions using mSWiM
The following events occur within 75 days of apparent conjunction: JAN07 (54 days
from apparent conjunction), FEB07 (38 days), MAR07 (3 days ), MAY08 (38 days)
and the JAN09 (31 days), JUN13 (17 days), JUL13 (53 days) and AUG13 (69 days).
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The following days occurred outside 75 days of apparent conjunction: AUG08 (108
days), SEP08 (150 days) and NOV08 (90 days).
The velocity (vSW ), number density and field strength (B) predicted at Saturn
by mSWiM were used to calculate the solar wind Alfve´nic Mach number (MA) using
the equation:
MA =
vsw
√
µ0ρ
B
(7.3)
PRAM indicates whether the magnetosphere is being compressed, whilst a high
MA (dependant on low magnetic field strengths, high densities and high velocities)
in the solar wind would produce a high-β magnetosheath, making it more likely
for reconnection to be suppressed and to only occur when the magnetic field lines
are near completely anti-parallel (Slavin et al. 1984; Masters et al. 2012). The
results are presented in Figure 7.13, with PRAM and MA presented in black and
red respectively, for ten days on either side of each event (except for JAN07 and
FEB07 which are presented together in panel a). The number of days from apparent
opposition can be found in brackets for each observation. Separate presentations of
the velocity, number density and field strength of the solar wind can be found in
Appendix B.
For almost half of the cusp observations [JAN07 and FEB07 (Figure 7.13a),
SEP08 (e) and NOV08 (f) and JUL13 (i)] there is a significant increase in the ram
pressure, especially for SEP08 which has the largest peak of ∼0.15nPa. These would
correspond to large compressions of the magnetosphere, which have been shown to
provide more favourable conditions for dayside reconnection (e.g., Jackman et al.
2004). However it also important to note that two of these days also have the largest
amount of days from apparent opposition (all >75 days).
Three of the other six days (MAR07, MAY08, JAN09) do not occur during
peaks but they do occur during modest increases in ram pressure. MAY08 is at
the start of a large pressure increase, with a modest increase having already oc-
curred. However the increases for MAR07 and JAN09, are extremely modest and
less significant. The other three days occur during periods of very low predicted
ram pressures.
High (Alfve´nic Mach numbers (which would produce a high β magnetosheath)
7.6. Solar Wind Propagations 177
260 265 270 275
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
220 225 230 2350.00
0.05
0.10
0.15
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
195 200 205 210 215
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
15 20 25 300.00
0.05
0.10
0.15
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
320 325 330 335
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
210 215 220 225
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
140 145 150 155
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
60 65 70 75
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
10 15 20 25 30 35 400.00
0.05
0.10
0.15
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
8th
 M
ar
ch
 2
00
7 
(3
)!
a)! b)!
c)! d)!
25
th
 M
ay
 2
00
8 
(3
8)
!
e)! f)!
Ja
n 
& 
Fe
b 
20
07
 (5
4 
& 
38
)!
3rd
 A
ug
us
t 2
00
8 
(1
08
)!
24
th
 S
ep
te
m
be
r 2
00
8 
(1
50
)!
23
rd
 N
ov
em
be
r 2
00
8 
(9
0)
!
g)! h)!
21
st  J
an
ua
ry
 2
00
9 
(3
1)
!
i)! j)!
14
th
 Ju
ne
 2
01
3 
(1
7)
!
24
th
 Ju
ly 
20
13
 (5
3)
!
17
th
  A
ug
us
t 2
01
3 
(6
9)
!
160 165 170 1750.00
0.05
0.10
0.15
Time !DOY"
P R
AM
#nPa$
0
20
40
60
80
100
120
140
M
A
Figure 7.13: mSWiM propagations of the upstream solar wind conditions at Saturn for
10 days before and after the cusp observations (with an uncertainty of 15 hours). The
ram pressure (PRAM ) and the Alfve´nic Mach number (MA) are presented in black and red,
respectively. The number of days since apparent conjunction is shown in brackets next to
each observation. The dashed line represents the start of the cusp observation. The day of
year is labelled as ‘DOY’.
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would most likely lead to a suppression of reconnection such that it only occurs for
anti-parallel field lines. Therefore it is interesting to see that for JAN07, FEB07,
SEP08 and NOV08, MA is at a peak or very large (>40), meaning the reconnection
that occurred to produce the entry of solar wind plasma through the cusp must
have occurred at a location on the magnetopause where the magnetic shear was
very large. The lowest MA of ∼10 was observed for JAN09. For the other five
observations MA was modest, averaging ∼20 and did not occur during significant
peaks or troughs.
7.7 Location of the Cusp observations
During the years of 2007 and 2008, the Cassini spacecraft performed a series of highly
inclined orbits (peak absolute latitudes of >50◦) where the trajectory provided the
opportunity to obtain cusp observations presented in this thesis. Cassini began to
exit an equatorial orbit (with apokrones on the nightside) on the 22nd of July 2006,
and reached latitudes of ∼50◦ for the first time on the the 27th of October 2006.
However the latitude of the orbits peaked in the dusk (dawn) sector in the northern
(southern) hemisphere, whereas cusp observations require an orbit near noon local
time (LT).
The details of the times (UT) and locations of the cusp observations are shown
in Table 7.2. In 2007 the orbit of the spacecraft had adjusted to be able to observe
the southern cusp, with the latitude peaking in the noon sector in the south. High-
latitude northern observations were still occurring in the dusk and night sectors of
the magnetosphere, which were not suitable for cusp detection. There are three
Cusp Date Time (UT) Distance (RS) Latitude (
◦) Local Time
JAN07 09:56 – 18:04 12.6 -54.5 – -43.4 10:10 – 11:39
FEB07 15:40 – 26:46 15.6 – 16.0 -56.0 – -46.8 09:39 – 11:14
MAR07 08:03 – 10:50 13.8 – 14.2 -43 – -40.8 11:22 – 11:42
MAY08 01:33 – 07:47 11.6 – 9.3 56.4 – 64.4 13:16 – 14:26
SEP08 06:15 – 07:12 10.6 – 10.3 60.6 – 62.2 12:32 – 12:41
NOV08 06:16 – 06:47 12.2 – 12.2 62.0 – 62.7 12:53 – 12:57
AUG08 14:47 – 22:59 11.1 – 8.2 58.7 – 72.7 12:32 – 14:55
JAN09 11:00 – 19:00 16.5 – 15.5 42.3 – 50.4 11:37 – 12:06
JUN13 19:40 – 22:10 14.3 – 14.6 39.8 – 37.5 10:51 – 11:02
JUL13 00:00 – 05:30 15.4 – 15.3 51.37 – 55.03 10:28 – 11:20
AUG13 14:00 – 16:05 18.5 – 18.4 38.0 – 33.0 10:13 – 10:22
Table 7.2: Locations and times of observations for all the cusps presented in this thesis.
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Figure 7.14: The trajectory of the spacecraft and locations of the cusp for the different
orbits and observations. The orbit of the satellite is presented for four different time periods
(shown in the legend) with the location of the cusp observation displayed as a triangle of
the same colour as the orbit. The JAN09 and AUG 08 observations are displayed as stars to
distinguish them from the SEP08 and NOV08 events, which are all located on the same set
of orbits. The trajectories are presented in the Kronocentric Solar Magnetospheric (KSM)
co-ordinate system, where X points towards the Sun, Y equals the normalised cross product
of the magnetic dipole direction with X, and Z completes the right-hand set (and lies in the
plane formed by X and the magnetic axis). The average magnetopause location (dotted) at
∼22RS (the lower value from the bimodal distribution found by Achilleos et al. (2008)) is
also shown (calculated using the Kanani et al. (2010) model). The X-Y and Y-Z planes are
shown in the bottom-left and bottom-right respectively.
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southern cusp observations presented in this thesis (JAN07, FEB07, and MAR07).
The orbit of the spacecraft during these events is presented in grey in Figure 7.14;
the three grey triangles present the locations of the cusp observations.
From the 9th of April 2007, the inclination of Cassini’s orbit was being reduced
until it was completely equatorial in the summer of 2007. From the 30th of August
2007, the inclination was once again increased until the trajectory favoured northern
cusp observations, with latitudes >50◦ first occurring on the 1st of March 2008.
The trajectory of Cassini during the MAY08 observation is presented (blue) in
Figure 7.14. During this time Cassini performs a sequence of orbits with a smaller
perikrone of 2.7 RS until July (the blue inner trajectory). Then the spacecraft per-
formed a sequence of orbits with a larger perikrone of 3.2RS (outer pink trajectory)
from the beginning of August onwards. It is during these (pink) series of orbits that
the four further northern cusp observations are observed. The AUG 08 and JAN09
are shown as stars (the AUG08 star is next to the blue and pink triangles), and the
SEP08 and NOV08 are shown as pink triangles, to distinguish the two groups in
the figure.
After a series of equatorial orbits, the spacecraft once again began a series of
highly inclined trajectories in 2013. The orbits where the spacecraft observed the
cusp in 2013 are shown in green. This time the part of the orbits in the northern
hemisphere sampled the pre-noon region. The southern hemisphere part of the
trajectory did not sample the correct area of the magnetosphere for southern cusp
observations during this period. The trajectories had large altitudes when they
sampled the high southern latitude region, and often crossed the magnetopause and
observed the magnetosheath.
From the description of the spacecraft orbits, it can be seen that for each set,
the trajectories were such that only one hemisphere in one quadrant (dawn−noon)
was optimal to sample the cusp. In the northern hemisphere the cusp was observed
at a range of altitudes and latitudes (Table 7.2) because the northern hemisphere
had a variety of trajectories to allow this. The southern hemisphere observations
occurred on only one set of orbits and therefore all share a similar location.
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7.8 Discussion and Conclusions
Complementing the two events presented in the previous chapter, a further nine
more cusp observations in the in situ data have been presented, two of which have
two separate cusp observations with a separation of 7−10 hours. Including the ob-
servations presented in Chapter 6, this brings the total of cusp crossings to thirteen.
Eleven of these crossings are adjacent to a boundary layer of mixed plasma before
entering the magnetosphere, which are similar to terrestrial observations (e.g. Dun-
lop et al. 2005). The outbound crossings of JAN07-b and FEB07-b (which have the
magnetosphere on both sides of the observation) however do not have a boundary
layer, and instead pass directly into the magnetosheath. In contrast the AUG13
observation does have a boundary layer present on either side of the event.
Bunce et al. (2008b) used the JAN07 observations to provide evidence that
the main auroral oval is produced by field-aligned currents close to the open-closed
field line boundary. These FACs occur due to a velocity shear between the open
(or outer and subcorotating) and closed (corotating) field-lines (Cowley and Bunce
2003). The FACs are detected after JAN07-a until 23:00 UT, and include the
JAN07-b observation (Figures 7.3 and B.1). Taking the poleward edge of the FAC
to occur on an L-shell of ∼34, then the invariant latitude is found to be ∼10◦,
much more poleward than the average of 15.6◦ found in the southern hemisphere
by Jinks et al. (2014) (the authors did not investigate this particular orbit in their
dataset). If the auroral oval is oscillating then it is feasible that the cusp could
be observed a second time (Arridge et al., in prep.) adjacent to the open-closed
boundary discussed by Bunce et al. (2008b). These FACs observed on the JAN07
observation are different to those observed during the JAN09, FEB 07, JUN13 and
AUG13 events. These events are much more short-lived, with the rotation lasting
a few minutes and usually during the boundary layer observation adjacent to the
cusp (Badman et al. 2014, showed that the duration of the FAC observation can
explained by the spacecraft velocity, however this is not explored further in this
thesis.). If the boundary layer were located on the outermost closed field lines, then
the structure of the auroral FACs would be in agreement with the findings of Bunce
et al. (2008b).
The cusp is observed twice (double observation with a time separation of ∼10.7
hours) for two of the three southern cusp observations, but this phenomenon is not
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seen in any of the northern observations. Arridge et al.,(in prep.) attribute this to
the oscillation of the southern auroral oval as found for the main auroral emission
by Nichols et al. (2008). Bunce et al. (2014) have shown that the northern auroral
oval also oscillates. Further investigation into checking whether the spacecraft tra-
jectory in the northern hemisphere is conducive to detecting the cusp twice (with
a separation of ∼10.7 hours) should be undertaken to see whether Cassini should
observe oscillations in the northern cusp during our events.
One-hour-period bursts of high energy electron flux have been found for some of
the magnetospheric observations (adjacent to the cusp), most obviously observed in
the FEB07 observation between 20:00 and 23:00 UT, and the JUL13 event between
21:00 and 23:00 UT the day before. Roussos et al. (2015) reported a statistical survey
of similar bursts found in the LEMMS observations. These bursts were found to
map to the dayside magnetopause, with their cause not currently understood; they
have been suggested to be related to reconnection processes. If this relation is true,
it would not be surprising that the bursts are located close to the open-closed field
line boundary.
All of the cusp observations have been compared to the propagated upstream so-
lar wind data from the propagation model, mSWiM. Eight (JAN07, FEB07, SEP08,
NOV08, JUL13, JAN 09, MAY08) out of eleven cusp events occurred during in-
creases in the ram pressure of the solar wind, five of which occur during significant
peaks (>0.05 nPa), while the other three have coincide with modest increases in ram
pressure. It is worth noting that two of these events occur 75 days after apparent
opposition, and so the propagated parameters are less accurate (Zieger and Hansen
2008). An increase in ram pressure produces a compression of the magnetosphere
which has been shown to provide more favourable conditions for reconnection to
occur (Jackman et al. 2004). Three of these eight observations also do not have
high Alfve´nic Mach numbers, resulting in a lower β magnetosheath. Hence for these
observations, the reconnection that must have led to the cusp events must have
occurred at a location on the magnetopause where the local magnetic shear must
have been extremely large, i.e. close to 180◦ (Slavin et al. 1984; Masters et al. 2012).
Of the other four observations that do not coincide with increases in ram pressure,
only one (AUG13) had an MA of ≤20. The others did not occur during peaks or
troughs in MA. The BNormal component of the IMF is not presented as it is the
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least accurate of the variables produced by mSWiM, and therefore it is not possible
to correlate the orientation of the predicted IMF to the observations. However for
periods of high MA, one would assume that the local shear angle at a reconnection
site would have to be very high or anti-parallel.
The results show that reconnection and subsequent cusp observations can occur
during a variety of solar wind conditions. However the presence of so few cusp
examples during overlapping spacecraft orbits (specifically the latter half of 2008)
imply that the necessary solar wind conditions required for reconnection to occur
are not as common at Saturn as at Earth, supporting the conclusion of Masters
et al. (2012), that reconnection at Saturn is most often surpressed. This finding
also supports the open flux investigation reported by Badman et al. (2013). From
a large set of auroral images, the authors found that although Saturn has a similar
relative amount of open flux (2-11%) as Earth, the usual percentage of flux that
was closed in between observations is much lower (∼13%, whilst at Earth ∼40-
70%). Assuming that, over adequately large timescales, the amount of flux opened
is equal to the amount closed, opening of flux occurs during fewer events or at a
lower rate than at Earth.
The variety of the characteristics of the plasma observations suggest different
processes ongoing during the different cusp observations. The most striking is the
first observation of lobe reconnection occurring during MAR07 (Figure 7.6). A
“reverse-sense” ion energy latitude dispersion is observed. This is then followed
by a “normal-sense” dispersion. This is the only example we present which has
reconnection occurring at two different locations during the same cusp interval.
The SEP08 and NOV08 events both present very tenuous plasma observations.
The low ion counts make it difficult to discern an energy-latitude dispersion. There
is a possible dispersion in the NOV08 event, however it is inconclusive. Due to
the weak ion counts, it is also not possible to deduce from what direction the ions
are observed. These two observations are very similar to each other but not to the
other events. The reason these observations are so short in duration could be due to
reconnection having only just occurred at the magnetopause, and so the spacecraft
enters the polar cap quite soon after the start of the cusp. This is supported by the
observation of high-energy electrons in the MIMI-LEMMS instrument characteristic
of the magnetosphere (panel c) during SEP08, with the interpretation that if the
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field line had just been newly reconnected, not all of the magnetospheric energetic
electrons would have left the field line and would still be observed.
Multiple ion energy-latitude dispersions are observed during the MAY08 obser-
vation. The observation of magnetospheric plasma (high energy electrons in panels
Figure 7.7a,c) between the first and second dispersions implies that this may be a
temporal observation of the cusp motion over the spacecraft, and not two separate
cusps. A similar observation was found at Earth (e.g. Zong et al. 2008; Escoubet
et al. 2013), where a double cusp was observed, and was shown to be the motion of
the cusp due to a change in the IMF orientation. Without multiple spacecraft to
test whether the cusp has moved, this hypothesis cannot be verified.
The continuous observation of the cusp during the second and third consecutive
dispersions is different. The multiple dispersions are not due to a motion of the cusp
because there is a change in electron energy distributions. If the cusp had moved
we would expect the electron energy distribution to be the same. Moreover there
is no change in the ion energies. If the cusp had moved, the ion energy would
be dispersed in the opposite sense on neighbouring intervals. However there is a
step-up in the energy which shows that ‘pulsed’ reconnection is also occurring on
this day. This is a similar observation to the JAN09 and AUG08 events presented
in Chapter 6. The locations of the MAY08 and AUG08 events are very similar,
and the energy-pitch angle analysis reveals a similar field-aligned distance to the
reconnection site. This finding indicates the possibility that the same area of the
magnetopause is being reconnected for these two events. The MAY08 and JUL13
observations also differ from all the others in that the spacecraft is already on open
field lines mapping to the polar cap (observation of background levels of electrons
and ions in the instruments). In the other cusp observations however, there is a
definite transition from magnetospheric plasma (on closed) field lines, to the cusp
plasma on open field lines. This comparison shows that the spacecraft is already
traversing open field lines at the start of the observations for MAY08 and JUL13.
These findings in their entirety suggests that there is severe motion of the cusp and
magnetospheric field lines over the spacecraft.
The ion compositions in the cusp and the adjacent magnetosphere show that the
[m/q=2]/H+ ratio is much higher in the magnetosphere (8.3±0.27−28.2±0.1) and
is in agreement with other studies that suggest this region contains H+2 (Thomsen
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et al. 2010). In the cusp this ratio is much lower (average of 2.8±0.2) which is similar
to solar wind observations and therefore the m/q=2 ion is more likely to be He++.
The average He++ to H+ abundance ratio in the solar wind is ∼3% and ∼5% at solar
minimum and maximum respectively (Ogilvie et al. 1989), which is the same as the
values found in the cusp. These authors reported very occasional abundance ratios
of He++/H+ of ∼10%, however these occurrences are very rare. The water group to
proton (W+/H+) ratio, is also much higher in the magnetosphere in comparison to
the cusp, as expected (the moon Enceladus is the main source of water group ions).
The field-aligned distance to the reconnection site was calculated for each dis-
persion (Table 7.1), and has produced a varied set of results. The results presented
in this chapter had a range of values of 16±1 to 50±20 RS in comparison to the
previous chapter of 27±5 to 51±2 RS (for the JAN09 and AUG08 events). The cal-
culated field-aligned distances to the reconnection site were then used to estimate
the location of the reconnection site along the magnetopause (shown in Figure 7.10).
This showed that reconnection occurred at various areas along the magnetopause,
with most of the cusp days producing locations polewards (towards the north) of
the subsolar regions, towards higher latitudes. This is in agreement with Desroche
et al. (2013) who modelled the regions more likely to be reconnected along the mag-
netopause (as well as independent MHD simulations of the IMF effect on Saturn’s
magnetosphere by Fukazawa et al. 2007) and showed that such regions would be
generally poleward of the subsolar point. An example of the locations viable for
reconnection based on diamagnetic suppression (modelled by Desroche et al. 2013)
is shown in Figure 7.15. As mentioned above, most of the calculated reconnection
sites are in agreement with Desroche et al. (2013), but most of the JAN09, as well as
the MAR07 reconnection locations lie outside the predicted areas found by Desroche
et al. (2013) (i.e. southward of the subsolar point). However, the simulations by
Desroche et al. (2013) are for southern summer conditions (whilst three of our events
are during northern winter) as well as for certain local IMF orientations (indicated
in Figure 7.15), and without a detailed knowledge of the upstream IMF, it is difficult
to make any more detailed comparison between their predictions and our calculated
reconnection locations for MAR07 and JAN09. The results generally show that
the cusp maps to reconnection occurring over a wide range of locations along the
magnetopause, despite the lower reconnection efficiency at Saturn in comparison to
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DESROCHE ET AL.: CONDITIONS AT SATURN’S MAGNETOPAUSE
Figure 6. Region of the magnetopause viable for reconnection (indicated with red) based on the effect
of the diamagnetic drift. The plasma ˇ in the magnetosphere is based on the energetic plasma pressure.
The plasma ˇ in the magnetosheath is based on the MHD simulation results plus a contribution equal to
the energetic plasma pressure in the magnetosphere. The region viable for reconnection is still centered
north of the subsolar point but is slightly broader than when the energetic population in the magnetosheath
is not included.
on the Cassini spacecraft to calculate !ˇ across Saturn’s
magnetopause. They considered magnetopause crossings
between June 2004 and August 2007 that vary between
magnetic latitudes of –38ı and 52ı between Saturn local
times of 03:25 and 17:37 [Masters et al., 2011]. At this
time, the northern hemisphere was in winter/early spring,
corresponding to the spin axis pointing between midnight
(as is presented here) and dawn. They found that large !ˇ
measurements and low magnetic shears lead to suppressed
reconnection for most of their crossings. Based on Figure 6,
we would expect that near the magnetic equator, reconnec-
tion would be viable; however, the large range of mag-
netic latitudes considered in Masters et al. [2012] covers a
significant area that is at higher latitude and is not reconnec-
tion viable. It is therefore plausible that the magnetopause
crossings analyzed in Masters et al. [2012] were predomi-
nately at locations where our model predicts reconnection is
not viable, which could explain the perceived discrepancy in
the results.
[21] The results presented here are sensitive to the IMF
strength and solar wind plasma ˇ, which can vary sub-
stantially. Jackman et al. [2004] found that three types
of interplanetary intervals were observed with the Cassini
magnetometer instrument—weak IMF intervals where the
IMF had an average value of !0.06 nT, intermediate IMF
intervals where the average was !0.6 nT, and strong-field
Figure 7. Regions of the magnetopause that meet the criteria for destabilization of the Kelvin-Helmholtz
instability. Top row shows results for Saturn, bottom row shows results for Jupiter [Desroche et al., 2012].
The Jovian magnetopause has a higher degree of asymmetry than Saturn’s magnetopause. Due to the
weak magnetic fields, high flow shears, and dense plasma sheet, the KH instability is destabilized along
most of the dawn flank of the magnetopause at Saturn. At Jupiter, the destabilization is constrained to the
dawn flank and deep on the tail of the dusk flank, where flow shears are high. The size of the unstable
region relative to the total magnetosphere size is much larger at Saturn than at Jupiter.
3093
Figure 7.15: Areas viable for reconnection to occur along Saturn’s magnetopause based
on suppression by the diamagnetic drift reported by Desroche et al. (2013), for two IMF
orienta ions. The area where reconnection can occur is shown in red and is centred nor h
of the ubsolar point.
that at the Earth.
Str ng diamagnetic depressions in the cusp h ve been widely studied nd are
often observed at Earth (e.g. Zhou et al. 2001; Trattner et al. 2012) and at Mercury
(Winslow et al. 2012). Diamagnetic depressions at Earth have be n cor elated with
highly energetic particles in the cusp (e.g. Chen et al. 1997, 1998; Nykyri et al.
2011a,b). Such depressions are observed during eight of the eleven vents that have
been studied in the Saturnian system in this thesis. Some of the observed depressions
would not be treated as a depression in certain studies which impose a criterion of at
least a 20% decrease in magnetic field strength (Niehof et al. 2010). The strength of
the depression has been suggested to be correlated to the reconnection rate (Slavin
et al. 2014), and this could mean that lower reconnection rates (which are expected
at Saturn) could thus result in less significant magnetic field depressions. To try
and elucidate the physics of the diamagnetic depressions in Saturn’s cusp and shed
further light on magnetopause reconnection at Saturn, the penultimate chapter of
this thesis focuses on the diamagnetic depressions.
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Chapter 8
Diamagnetic Depressions in the Cusp
In this chapter the magnetic field observations in the cusps are investigated more
closely. The field aligned currents determined from the Bφ component of the mag-
netic field were analysed in the magnetosphere in Chapter 6. However this chapter
takes a different route and focuses on the cusp observations, specifically the decreases
in the magnetic field magnitude. The analysis involves comparing the magnetic field
observations from MAG to that of a magnetic field model. The depth of the depres-
sions are calculated as well as the consequent magnetic pressure decreases. These
results are compared to particle pressures observed by the plasma instruments. The
association of energetic He++ solar wind ions with the diamagnetic depressions at
Earth is well established (e.g. Chen et al. 1997, 1998), and therefore these particles
at Saturn are also examined, as well as other high energy particles that could be
causing the depressions.
The previous chapters have introduced all the cusp observations present in the
Cassini data, and most of these events had (to varying degrees) a magnetic field
depression. An interesting characteristic of the magnetic field depression (which
was briefly mentioned in previous chapters) is the observation of the depression
sometimes not being centred on the cusp itself, but on the equatorward boundary.
The cause of this effect is also examined.
All the cusp observations which occurred in the summer hemisphere presented
a depression. The winter observations only present depressions in two out of the five
events, and these are also the least obvious decreases in magnitude. This interesting
seasonal effect will be discussed at the end of this chapter. The analysis of the
magnetic fields is introduced first, starting with the magnetic field model.
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8.1 The Magnetic Field Model
The data were compared to a magnetic field model in order to calculate the magnetic
pressure change during the depression. The location within the magnetosphere is
used as an input to calculate the model magnetic field at the specified location. The
position of the spacecraft is used to define the location in the magnetosphere. At
this location the model then calculates the strength of an axisymmetric, internal
magnetic field (therefore Bφ is not in this model) with superimposed model ring
current fields. The axisymmetric internal magnetic field is calculated as a spherical
harmonic expansion and uses the coefficients from Burton et al. (2010) (g01, g
0
2 and
g03 are the Gauss coefficients [dipole, quadrupole and octupole] taken to be 21191
nT, 1586 nT, and 2374 nT).
The model also generates magnetic fields induced by the ring current. The
ring current parameters are taken from Bunce et al. (2007). These parameters are
dependent on the subsolar positions of the magnetopause, which are predicted using
velocity and density propagations by mSWiM to calculate the standoff distance. The
field vectors associated with the ring current sheet are calculated from the model
described by Connerney et al. (1981, 1983), using the analytical approximations
presented in Giampieri and Dougherty (2004). The cylindrical radial and axial
components of the model field are then transformed to radial and theta components
(BR and Bθ) in KRTP. These values are then added to the axisymmetric field vectors
from the internal model. The original ring current model written by Giampieri and
Dougherty (2004) in Matlab was translated into IDL and added to the axisymmetric
model calculations to complete the routine put together by C. S. Arridge (2008).
The output of this routine is used here.
After calculating the model magnetic field at the position of the spacecraft,
the following method is used to calculate the magnetic pressure deficit associated
with the decrease in the observed magnetic field data from MAG. The calculated
magnetic pressure deficits will be compared to the observed plasma pressure to
investigate any anti-correlation. This method has been used previously to compare
the magnetic and plasma pressures at Mercury’s equatorial magnetosphere (Korth
et al. 2011), as well as the cusp at Mercury (Winslow et al. 2012), both of which
used data from the MESSENGER spacecraft.
By comparing the MAG data to the magnetic field model, the depression was
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Figure 8.1: An example of the magnetic model, MAG data and the pressure calculated for
the JUN13 cusp. Panel a) the model (red) and 1 second average MAG data, b) the residuals
of the magnetic depression (black) the fitted residual before and after the depression (blue)
and the polynomial fit (red), and c) the calculated magnetic pressure deficit.
selected by eye from where the MAG data (observed magnitude) first departed from
the general trend of the model. This can be seen in an example (for the JUN13
event) in Figure 8.1a. The observed magnetic field (i.e. 1 second averaged MAG
data in black) at 19:40 UT is no longer decreasing at the same rate as the field model
(shown in red), which is taken to be the start of the depression. The observed field
is at a minimum at ∼21:00 UT, which marks the centre of the depression. At 22:20
UT, the observed field resumes its general decrease in magnitude similar to the field
model.
The model magnetic field was subtracted from the observations, to obtain the
total residual field Bres = |B|obs−|B|model. The result of this subtraction (Bres)
can be seen in panel b) of Figure 8.1 in red and black, where the black residual
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field highlights the depression and the red shows the constant residual field. The
depression was removed from the residual data, so that the background unperturbed
residual magnetic field could be calculated during the depression. This was achieved
by applying a third degree polynomial fit to the steady part of the residual field (i.e.
before and after the depression) shown in red. The resulting polynomial fit can be
seen in blue (in Figure 8.1b) and represents the residual field in the absence of a
diamagnetic depression.
The calculated polynomial fit was then added to the model, so that the un-
perturbed magnetic field could be estimated. Bres was then subtracted from the
unperturbed field and the result was used to calculate the magnetic pressure using
the magnetic pressure Equation 1.39. This pressure thus represents the magnetic
pressure deficit that occurs due to the depression. This calculation can be written
in the following equation:
∆pB =
(|Bmodel + ∆Bm|)2 − |B|2
2µ0
(8.1)
where ∆Bm is the polynomial fit, and ∆pB is the magnetic pressure deficit arising
from the observed depression (as mentioned previously, this method is explained in
Korth et al. (2011), and has been used for Mercury cusp analysis (Winslow et al.
2012)). The resulting pressure deficit resulting from the magnetic depression can
be seen in panel c of Figure 8.1.
This pressure deficit is used to predict the plasma pressure increase that is
required to balance the total plasma pressure considering this is a diamagnetic
effect, from PPlasma =PTotal−PMag. This calculated pressure will be compared to
the observed particle pressures.
This method was completed for all the depressions. The model subtraction and
magnetic pressure deficit calculation process can be seen for each depression in the
appendix in Chapter C. However, a summary of the magnetic pressure deficits of
all the cusp observations (in comparison) can be seen in Figure 8.2. The panels
are arranged chronologically. The time is centred on the centre of the depressions
characterised as 00:00, so that the duration of the observations can be seen and
compared. The pressures are scaled so that the depth of the depressions can also
be compared. The dashed lines indicate the entry and exit of the cusp intervals as
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Figure 8.2: The magnetic pressure deficits of all the cusp observations listed chronologically
with the JAN07 and FEB07 separated into their two separate cusps a and b. The x-axis is
zero on the centre time of the depressions, and time is displayed in the hh:mm format, with
six hours on either side of the centre. The dashed lines represent the entry and exit of cusp
plasma interval as characterised by CAPS observations described in previous chapters.
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categorised by CAPS observations in the previous chapters. For panel (b), the first
dashed line represents the start of the ‘mixed/cusp’ (labelled as such in the previ-
ous chapter, in Figure 7.3) plasma region, followed by the cusp plasma during the
JAN07-b event. Panel (f) shows the two entries and exits of the cusp observations
for the MAY08 event.
It should be immediately noted that the last major depression during the
MAY08 (panel f) observation at ∼+02:00 is most likely an artefact of the mag-
netic field model subtraction due to such large magnetic field strengths as well as
overlaps between model and data. However the first two decreases in pressure are
observed in the magnetic field data as depressions (specifically the depressions at
approximately -03:00 and -00:30). The MAY08 observation has the most dramatic
and the strongest magnetic pressure decrease. This is due to the field strengths
being significantly higher, with total field magnitudes of ∼30 to 40 nT. In compar-
ison the field strengths in the other depressions occur between ∼8 and 15 nT. The
JAN07-b depression has the second strongest magnetic pressure decrease, due to the
field being depressed to a magnitude of ∼2 nT (∼85% decrease), values similar to
the magnetosheath. The regions on either side of the cusp (for JAN07-b) can clearly
be seen to also depress the magnetic field. The entrance into the depression starting
in the magnetosphere followed by the mixed plasma forms a shallow depression and
the “cusp-proper” creates a very sharp decrease as described previously. Another
two depressions are observed upon exiting the cusp, in the magnetosphere again.
The JAN09 depression is interpreted to occur during the whole cusp observation
and not for just the small ∼2 nT field decreases at ∼00:00 and +02:00. The model
field was observed to increase steadily throughout the cusp, whilst the observed field
did not, creating a large increase in field strength upon exiting the cusp, thereby
defining the exit out of the depression.
Magnetic depression observations in 2007 (panels a-e) and the final observation
(j) can be seen to not be at the centre of the cusp interval (as indicated by the
dashed lines), and continues into the magnetosphere. For the JAN07-b event, the
depression occurs on either side of the cusp (i.e. in the magnetosphere).
Example depressions observed at Mercury and Earth are presented in Figure 8.3
for comparison, from the MESSENGER and Cluster missions (Winslow et al. 2012;
Shi et al. 2009a). An example magnetic pressure deficit from MESSENGER data
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70 km in a magnetic field of ! 60 nT, which is much
smaller than the spatial size of the structure. The scale of the
two boundaries can be estimated to be 243 km and 141 km.
The boundary velocity of the other similar regions in this
date is found to range from 20 to 40 km/s, the scale size is
estimated to be from 600 km to 3000 km, and the magnetic
change angles are from 4.1! to 19.3!.
[20] Having the estimates of the orientation and normal
velocities of the boundaries, we can attempt to estimate the
propagation velocity of the structure in the plasma rest
frame. Unfortunately, due to the significant errors involved
in the timing analysis and CIS ion velocity determination,
together with a large angle between the flow velocity and
boundary normal, the estimates of plasma frame propaga-
tion velocity of the boundaries involve large experimental
errors. We quantified these errors by calculating the errors in
boundary normal and velocity determination from the
timing method and assuming that CIS ion velocity measure-
ments include an error of 10 percent in magnitude and
10 degrees in direction. The timing method errors were
determined by assuming that the timing of the structures is
exact to 0.2 s.
[21] Propagating the above errors into an estimate of the
boundary velocities in the plasma frame, we obtained a
propagation velocity along the structure normal 49.4 ±
89.9 km/s for LB and 8.2 ± 83.7 km/s for the FB. Clearly
the errors are rather large, so the question of the structures
being propagating or purely convected with the plasmas
cannot be answered for these cases. Nevertheless, when
properly taking into account the experimental errors, we can
say that the measured velocity is consistent with zero
propagation velocity in the plasma rest frame within our
error margins.
2.3. Additional Examples of Cusp Magnetic
Depressions Observed by Cluster
[22] We have found three similar spatial structures after a
preliminary search of the dayside northern cusp from
1 February to 1 May 2002. They are chosen because of their
clear spatial properties in short time durations. Figures 5, 6,
Figure 5. Structure observed on 20 February 2002. (a) Total magnetic field for all the four spacecraft,
(b) hot ion density for C1, (c) hot ion temperature for C1, and (d) hot ion velocity vector for C1.
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(20 February 2002, Figure 5c) the dip, or only in one
boundary (4 March 2002, Figure 6c).
3. Summary and Discussions
[25] In section 2, we have presented some examples of
small-scale magnetic field decreasing structures, i.e., mag-
netic holes, in the high-altitude cusp. We found the multi-
point magnetic field profile structure is ‘‘interlaced,’’ which
suggests that the spatial structures are passing through the
spacecraft. This spatial feature is confirmed quantitatively
by the calculations of the boundary velocities and direc-
tions: the angle between the two boundaries of each
structure is very small (less than 30 degrees). The plasma
density is found to be increased and the temperature is
anisotropic inside the dips. In this section, the possible
formation mechanism of these structures will be discussed.
[26] Magnetic depressions, also called magnetic holes or
dips, are often observed in the solar wind [e.g., Turner et al.,
Figure 7. Structure observed on 4 April 2002. (a) Total magnetic field for all the four spacecraft, (b) hot
ion density for C1, (c) hot ion temperature for C1, and (d) hot ion velocity vector for C1.
Table 1. Properties of Magnetic Depression Structures in Section 2.3
Time
Bmin
Bmean Change Angle Duration Boundary Velocity (km/s) Scale R in Bmin qBk
20 Feb 2002 1257:50 UC 0.232 1.0! 16.1 s LB: (18.3, !37.4, 20.9), 750–781 km 1.58 84.7!
FB: (21.3, !37.5, 22.3)
4 Mar 2002 0907:33 UC 0.255 9.5! 16.1 s LB: (51.0, !28.5, 20.6), 879–997 km 0.79 87.8!
FB: (40.5, !31.9, 18.0)
4 Apr 2002 0743:32 UC 0.766 3.6! 20.1 s LB: (!17.8, 8.62, 5.67), 343–414 km 0.59 92.4!
FB: (!14.6, 3.11, 8.30)
A10202 SHI ET AL.: SPATIAL STRUCTURES IN THE CUSP
9 of 13
A10202
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[21] Propagating the above errors into an estimate of the
boundary velocities in the plasma frame, we obtained a
propagation velocity along the structure normal 49.4 ±
89.9 km/s for LB and 8.2 ± 83.7 km/s for the FB. Clearly
the errors are rather large, so the question of the structures
being propagating or purely convected with the plasmas
cannot be answered for these cases. Nevertheless, when
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error margins.
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preliminary search of the dayside northern cusp from
1 February to 1 May 2002. They are chosen because of their
clear spatial properties in short time durations. Figures 5, 6,
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netic holes, in the high-altitude cusp. We found the multi-
point magnetic field profile structure is ‘‘interlaced,’’ which
suggests that the spatial structures are passing through the
spacecraft. This spatial feature is confirmed quantitatively
by the calculations of the boundary velocities and direc-
tions: the angle between the two boundaries of each
structure is very small (less than 30 degrees). The plasma
density is found to be increased and the temperature is
anisotropic inside the dips. In this section, the possible
formation mechanism of these structures will be discussed.
[26] Magnetic depressions, also called magnetic holes or
dips, are often observed in the solar wind [e.g., Turner et al.,
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depression [Korth et al., 2011b]. The unperturbed magnetic
field was determined for each pass from the magnetospheric
model field and a third- egree polynomial fit to the residuals
one minute bef re a d after but xcluding the depression
interval (Figure 1, middle). The boundaries of the depression
intervals were taken as the average of the inner and outer
cusp entry or exit times. In some cases the polynomial fit did
not consistently remain above the residual field magnitude in
the cusp. These fits were rejected, and new fits w re obtained
by increasing the time int rval for the baselin fit. Th
polynomial fit was added to the magnetosph ric model field
to esti ate the unperturbed total magnetic field, BU. We then
evaluated PTotal = BU
2 /(2 m0) and the magnetic pressure defi-
cit, PB-deficit = PMag - PTotal = -PPlasma. This latter quantity
gives the additional plasma pressure in the cusp relative to
any background plasma pressure in the magnetosphere. In
general, FIPS data do not show substantial proton counts
adjacent to, but outside, the cusp, indicating that the back-
ground plasma pressure near the cusp is much lower than that
in the cusp.
[11] The limits of the northern cusp are 55.8! and 83.6!
MSO latitude and 7.2 h and 15.9 h local time. On average
the cusp is approximately symmetric about noon (Figure 3).
Since th MESSENGER orbit is eccentric and periapsis is
on the descending latitude portion of the orbit, the cusp is
encountere at l wer altitudes on the descending than on the
ascending orbit track. At higher altitude the cusp is on aver-
age a few degrees equatorward of that seen at lower alti-
tude. In the magnetosphere model, the magnetic field at the
magnetopause vanishes near 62!N at noon, consistent with
the expected shift in cusp latitude closer to the magnetopause.
3. Discussion
[12] The observations indicate that Mercury’s northern
cusp region is a persistent but dynamic feature. Not only is
the cusp pressure deficit variable on a given pass (Figure 1),
but the cusp extent and plasma pressure can vary markedly
from one orbit to the next (Figure 3). This variability likely
results from the influence of different IMF and solar wind
conditions and the corresponding interactions with, and
dynamics of, Mercury’s magnetosphere. Here we focus on
establishing the mean cusp pressure and particle fluence to
the surface since the plasma pressure may have important
consequences for exospheric processes and space weather-
ing. We use MESSENGER averages of IMF BX and pre-
dictions of the solar wind ram pressure from the ENLIL solar
wind model [Odstrcil, 2003]. Statistics of these quantities
for the cusp transits are given in Table 1.
[13] MESSENGER’s 12-h eccentric orbit presents chal-
lenges to analyzing the effects of the solar wind on the
cusp. First, the local time extent of the cusp is sampled only
twice each Mercury year (Figure 3). A study of variations
in cusp local time extent with solar wind conditions will
require considerably more observations than are presently
available. Second, IMF conditions for a given orbit are
estimated from averages of MAG observations upstream of
the bow shock. The 1-h time spans for these averages are
comparable to the typical time between MESSENGER cusp
transits and residence in the solar wind. Only the IMF X-
Figure 3. Stereographic projections of the pressure deficit
("PPlasma) along each cusp profile in aberrated MSO coordi-
nates. During portions of MESSENGER’s first Mercury year
in orbit (MSO1), the Magnetometer was off when the space-
craft experienced long eclipses or was close to the planet,
resulting in the gap in data coverage (between #10 h and
#12 h in local time) for the descending tracks. Complete
coverage was obtained during MESSENGER’s second Mer-
cury year in orbit (MSO2). Projections span local times from
6.67 h to 17.3 h and latitudes 55!N to the pole. The color bar
is saturated so that observed, but localized, pressure deficits
greater in magnitude than "3 nPa are shown in red.
Figure 2. (top) SEA of observed |B| (blue) and model |B|
(red) indicated by the scale on the left-hand ordinate, and
SEA of residual |B| (green) indicated by the scale on the
right-hand ordinate, for all 169 cusp profiles. (bottom) SEA
of RMS 1–10 Hz fluctuations perpendicular and parallel to
the local field, dB? (blue), and dBk (black) (scale on left).
The red curve shows dB?/dBk (scale on right).
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provide a basis for assessing its sensitivity to the sunward
IMF component.
[6] Orbital observations by the MErcury Surface, Space
ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft’s Fast Imaging Plasma Spectrometer (FIPS) have
revealed that the flux of heavy ions in Mercury’s magneto-
sphere peaks between 65! and 75! latitude, consistent with
the predicted location of the northern magnetic cusp
[Zurbuchen et al., 2011]. The ion flux peaks coincide with
depressions in magnetic field strength [Korth et al., 2011b]
measured w th the MESSENGER Magnetometer (MAG)
[Anderson et al., 2007]. In this paper we characterize the
northern cusp with MAG data from six months of orbital
observ tions, calculate the co responding surface precipita-
tion, and investigate the influence of the sunward IMF and
solar wind pressure on the mean cusp plasma pressure.
2. Observati ns and Data Analysis
[7] The MESSENGER spacecraft was inserted into orbit
about Mercury on 18 March 2011. The initial orbit had a
200 km periapsis altitude, 82.5! inclination, 15,300 km
apoaps s altitude, 12 h ur period. W use wo Me cury
years of MAG data starting from 23 March 2011, providing
coverage at all local times. Data were analyzed in Mercury
solar orbital (MSO) coordinates, for which +X is sunward,
+Z is northward, and +Y completes the right-handed system.
[8] The cusp was identified from depressions in the mag-
nitude of 1-s averaged total-field data from which a model
field had been subtracted. The model incorporates the offset
internal dipole field and the magnetopause and tail fields of
the Alexeev et al. [2010] paraboloid magnetospheric model,
with model parameters given by Anderson et al. [2011]. An
aberration correction was calculated from Mercury’s orbital
speed and a mean solar wind speed of 405 km s"1. For each
orbit exhibiting a dayside magnetic depression poleward of
the magnetopause, we identified the times of the cusp outer
and inner entry and exit points. Transits in the cusp were
indicated by sustained depressions in the magnitude of the
magnetic field B that exceeded typical variability and lasted
several minutes. An outer cusp entry was identified at the
point where the first transient decrease in |B| was seen, and
the inner entry was picked where the sustained depression
in |B| started. Similar criteria were used for th exit inner
and outer points. Figure 1 shows the daysid depression in
the total residual between the observed and model fields,
given by |B|res = |B|obs " |B|model. The orbit does not always
intersect the cusp, particularly when periapsis is n the
nightside, and magnetic depressions were seen on 169 of the
279 orbits analyzed. Each entry and exit time and the aber-
rated MSO spacecraft positions are given in Table S1 in the
auxiliary material.1 The field depressions were generally
associated with enhanced magnetic fluctuati s at 1–10 Hz
frequency, consistent with greater intensities of local plasma
instabilities. The proton gyrofrequency is 2 to 6 Hz for field
strengths observed in the cusp (150 to 400 nT). The cusp
entry and exit times changed by less than a few s conds for
different magnetospheric model parameters.
[9] We conducted superposed epoch analyses (SEA) of |B|
and |B|res in the cusp to derive an average magnetic depres-
sion signature (Figure 2). Individual profiles from differe t
orbits were aligned in time on their respective cusp interv l
midpoints and averaged over a time span of six minutes on
either side of this midpoint. We also conducted SEA of the
1–10 Hz fluctuations. The fluctuation intensity was evalu-
ated from the 20 sample/s data by taking the root ean
square (RMS) value over 1-s intervals in the direction par-
allel to and two components per endicular to the 1-s aver-
aged field direction, denoted by dBk, dB?1 and dB?2,
respectively. We define dB? = √(dB?12 + dB?22 )/√2, so that
dB? = dBk if the fluctuations are equal in all components.
These analyses confirm the depression in the magnetic field
over the cusp and show that this signature is accompanied by
an inc ase in the magnetic fluctuations. The ratio dB?/dBk
is about 1.5 in t e c sp and higher on either side of the cusp
(Figure 2), indicating that although the fluctuations in the
cusp are transverse, they are less so than the adjacent lower-
ampl tude fluctuatio s.
[10] We calcul ted a plasma pressur that balances the
magnetic field depression from PTotal = PMag + PPlasma, where
PTotal is the total pressure; PMag is the magnetic pressure,
B2/(2 m0), where m0 is the magnetic permeability; and PPlasma
is the particle th rmal press re. We estimated PTotal from
the magnetic field removed from the cusp magnetic field
Figure 1. Example of a cusp observation on 21 August
2011, orbit 313. (top) Measured (black) and modeled (red)
magnetic field magnitude in the cusp region. (middle) Mag-
netic depression in the residual |B| (black), residual data
before and after cusp entry (red), and a third-degree polyno-
mial fit (blue) to the red curve. (bottom) The calculated pres-
sure deficit ("PPlasma).
1Auxilia y ma erials are avai abl in e HTML. doi:10.1029/
2012GL051472.
WINSLOW ET AL.: OBSERVATIONS OF MERCURY’S NORTHERN CUSP L08112L08112
2 of 6
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Mercury!
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Time (minutes)!
Figu e 8.3: Magne ic depression exa ples from Mercury and Earth observations (ada ted
from Winslow et al. 2012; Shi et al. 2009a). Panel a is an example of the magnetic pres-
sure deficit calculation from a MESSENGER cusp crossing, whilst panel b is a s erposed
poch analysis of many cusp observations with the observed field (blue), model (r ) (both
indicated by the scale on the left) and residual magnetic field (green). Panels c−d show two
examples of Earth depression observations obtained by the Cluster spacecraft (C1−C4) and
their corresponding hot ion densities (from C1), shown below.
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(panel a) shows much larger depths (over 20 nPa) compared to the largest observed
at Saturn (0.1 nPa). The observations are also more turbulent and short-lived (min-
utes compared to hours). The superposed epoch analysis from the MESSENGER
data of 169 cusp crossings (out of 279 orbits) is presented in panel b; these data
show that the magnetic depths are significantly larger. The depressions observed at
Saturn are of the order of a few nT (the largest being ∼10 nT for JAN07-b), whilst
at Mercury ∼40 nT is typical. The terrestrial cusp magnetic field does not fluctuate
as much as at Mercury (panels c and e), however the depressions have similar depths
(tens of nT). The hot ion densities in the terrestrial cusp are also presented for the
corresponding depressions (panels d and f). It can be seen that the densities are
anti-correlated with the magnetic field strength changes.
Voyager 2 crossed through Neptune’s cusp during its flyby (Szabo et al. 1991;
Lepping et al. 1992). However due to the dramatic offset between the planet’s
rotational and magnetic axes (∼47◦, Ness et al. 1989), the cusp was pointed towards
the Sun, and so the spacecraft crossed from the magnetopause directly into the cusp.
The data can be seen in Figure 8.4. The region inbetween the two dashed lines is
identified to be the cusp by Szabo et al. (1991). Two decreases in the magnetic
field at ∼18:30 and ∼19:30 UT can be seen. However it is not clear whether these
are depressions as they are similar to the changes in the magnetic field seen in the
magnetosheath. The ion density is also observed to decrease upon entering the cusp
from the magnetosheath, but it is not possible to determine whether any density
changes are correlated to the magnetic field.
The Saturn magnetic pressure depressions (associated with the cusp intervals)
will now be compared to plasma pressure observations from various in situ instru-
ments onboard Cassini.
8.2 Comparison of plasma and magnetic pressures
8.2.1 Overview for MAR07
The magnetic field analysis and pressure deficit calculation as well as the particle
pressure components for the MAR07 depression are presented in Figure 8.5. Panels
a to c are in the same format as Figure 8.1 and show the MAG data and magnetic
field model (shown in panel a), the residual magnetic field and the polynomial fit
(in panel b) and the calculated magnetic pressure deficit (c). Panels (d) to (g) show
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SUMMARY 
The boundary layer measurements of Voyager 2 at Neptune 
opened the door for a firsthand observation of a subsolar cusp 
region. Though we cannot with all certainty determine the 
nature of this region, our measurements strongly suggest the 
existence of a dynamic mantle region separated from the 
magnetosheath by a rotational discontinuity as opposed to a 
stagnant cusp model which would necessitate the presence of a 
tangential discontinuity. Though the geometrical structures of 
the two scenarios are radically different (the stagnant cusp is in 
a horn shape, while the dynamic mantle is in a layer on the 
southern belly of the magnetosphere), unfortunately they cannot 
be distinguished in our analysis because of the particular 
trajectory of the Voyager 2 flyby. In later studies, more exotic 
kinds of discontinuities will be considered, such as the 
possibility of an intermediate shock. This understanding of the 
Neptune cusp region can help us to further understand the still 
controversial Earth polar region models. 
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Figure 8.4: Magnetic and ion observations from Voyager 2 in Neptune’s cusp (Szabo et al.
1991). The region between the two dashed lines is identified as the cusp. ‘ P’ stands for
the magnetopause.
calculated CAPS moments including (d) ELS pressure, (e) ELS density, (f) IMS
proton pressure and (g) IMS m/q=2 pressure. Panel (h) hows the calculated high
energy particle pressure from CHEMS. The CHEMS He++ and W+ observations
are also shown in panels (i) and (j), as time-energy spectrograms. The vertical
dashed lines show where the cusp is during these observations (the fir t half of the
depression). The pressures are not scaled, so that each component can be seen
fully. The magnetic pressure deficit (c) reaches a general trough of −0.012 nPa (a
short-lived drop is observed just before the end of the depression to reach −0.02
nPa).
Much of the electron pressure is at the noise level, except for the latter half of
the cusp and the second half of the depression. The electron pressure contributes the
least to the total plasma pressure due to the very small electron mass, how ver the
depression changes in the cusp are directly anti-correlated to the electron density.
This shows that the depression is a diamagnetic effect as there are more particles
gyrating to produce an opposing magnetic field which creates the depression.
The energetic particle pressure (from CHEMS) is the most dominant component
of the plasma pressure. The peaks are anticorrelated with the magnetic pressure
deficit troughs. The CHEMS pressure is higher at these times (∼0.025 and ∼0.045
nPa) than the magnitude of the magnetic pressure deficits (∼0.012 nPa).
During the latter half of the depression (adjacent to the cusp, in the labelled
‘magnetosphere’) there is an increase in flux of both energetic He++ and W+ ions
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Figure 8.5: All the pressure observations, including the magnetic pressure analysis (top
three panels) for the MAR07 event. Time-energy spectrograms for He++ and W+ observed
by CHEMS are also shown (panels i and j). The pressure axes are not uniformly scaled.
Figures in the same format for the other depressions can be found in Appendix C.
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(panels i and j). Assuming that the alpha particles are of a solar wind origin and
the water group ions are of a magnetospheric origin, increased counts of both (with
high energies) at the same time would suggest this to be a heated, mixed plasma.
At Earth, the cusp magnetic depressions are usually centred on the high density
magnetosheath plasma. In the MAR07 example, the depression is observed to con-
tinue into the magnetosphere where there is evidently a high-pressure, mixed plasma
layer next to the cusp, characterised by the (energetic) high CHEMS pressures and
increased counts of He++ and W+. This is a different region to the ‘boundary
layer’ that was observed in previous chapters. The boundary layer was observed as
a gradual increase of energy (and decrease in flux) of electrons observed in ELS.
An example of this can be seen in Figure 8.6, labelled ‘BL’. The transition can be
seen between the low-energy magnetosheath-like plasma in the cusp and the higher-
energy tenuous plasma in the magnetosphere. However once the spacecraft is in the
higher energy region (labelled “depressed m’sphere layer”), the magnetic field de-
pression continues until the particle flux (of high energy electrons and the transient
He++ and W+ in CHEMS) and subsequently the plasma pressure decreases.
The CAPS-IMS plasma moment data were acquired from the NASA online
Planetary Data System (PDS). Unfortunately the data are not provided with any
uncertainty values so error bars could not be shown on any of this data.
The uncertainty on the MIMI pressure is dependent on the count rate during
the interval. The data has a time resolution of 10 minutes, and so the uncertainty
will be the square root of the total counts during this time interval. For a resolution
of 10 minutes the uncertainty will be 4%-13% (for a count rate of 1 c/s - 0.1 c/s)
(Sergis et al. 2009). An additional error of less than 30% is present due to CHEMS
under-resolving the pitch angle distribution which is lower than the scatter in the
data due to the dynamics of the system (Sergis, priv. comm.). This is a general
understanding of the MIMI pressure calculations but is not run for each pressure
moment.
Arridge et al. (2009) estimate the errors for the density and temperature for
the CAPS-ELS data, and for values found in the cusp show that the error is of the
order of 10% or less (for both the density and temperature). These errors have
not been run for each data point (hence why there are no error bars on the plots).
The technique run by Arridge et al. (2009) is an analysis of the noise properties of
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Figure 8.6: ELS observations of the different layers adjacent to the cusp, with the magnetic
pressure deficit (b) for the MAR07 cusp. The boundary layer ‘BL’ has been discussed in the
previous chapters. The high pressure magnetospheric layer which continues the depression
of the magnetic field outside the cusp.
CAPS-ELS and their effect on the plasma moments, and as such does not provide
an estimate of uncertainty for every plasma moment.
8.2.2 Summary of JAN07 and FEB07
The JAN07 and FEB07 (Figures 8.7 and 8.8, respectively) magnetic field analyses
as well as the plasma pressure observations are presented in the same format as for
the MAR07 overview shown in Figure 8.5. First, JAN07 will be described.
The JAN07-a depression peaks in the magnetosphere (∼12:30 UT), and the
cusp’s presence only adds to make the decrease appear more gradual. This mor-
phology of the magnetic depression is the same as the MAR07 event, where the
depression is also observed in the magnetosphere. The electron pressure is very low
in the cusp due to the low energies, with an increase in the magnetosphere (higher
energies), where it is anti-correlated to the magnetic pressure decrease. The depres-
sion begins when there is large increase in the electron density (when the spacecraft
is partway through the cusp). Similar behaviour has been reported at Earth, where
a magnetic decrease coincides with an increase in density within the cusp, causing
the depression to not always be throughout the whole cusp crossing (Niehof et al.
2008). The IMS H+ pressure steadily increases and maximises during the minimum
depression, and accounts for approximately half of the magnetic pressure decrease.
The high energy ion pressure in CHEMS contributes the other half of the pressure
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Figure 8.7: All the pressure observations, including the magnetic pressure analysis (top
three panels) for the JAN07 event. This figure is in the same format as Figure 8.5.
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equivalent to the depression, also peaking in the magnetosphere.
The start of the second depression in the JAN07 event occurs (at ∼15:30UT)
with a large increase in the m/q=2 ion pressure (IMS), but it is still lower than
the other pressure components. However this seems to be the cause for the start of
the depression. The mixed plasma cusp region (the start of which is marked by the
third dashed line in Figure 8.7) occurs during extremely large increases of pressure
observed by CHEMS (increase from 0.1 nPa to 0.5 nPa) with a large increase in
flux observed of energetic W+ ions by CHEMS. However this pressure enhancement
is significantly larger than the magnitude of the magnetic pressure decrease (0.02
nPa). During the JAN07-b depressions, the CHEMS pressure does not follow an an-
ticorrelated trend to the magnetic pressure deficit. The first depression (between the
third and fourth dashed lines) is shallow but has a large CHEMS pressure increase,
whilst the following deep depression sees a decrease in the CHEMS pressure.
During the latter part of the cusp (between the fourth and fifth dashed lines
at ∼17:45 UT), increases in He++ and H+ pressures are observed (∼0.006 nPa and
∼0.04 nPa, respectively) as well as a significant increase in the electron density
and pressure. The ion data is at too low a time-resolution to be able to determine
whether there is an increase in pressure during the two strongest depressions in
the magnetic field. The final two small depressions in the magnetosphere occur
during increases in flux of energetic He++ and W+ (CHEMS) as well as an observed
increase in the ELS pressure.
Figure 8.8 presents pressure observations for the FEB07 events. The mini-
mum magnetic pressure depression inside the FEB07-a cusp (at ∼17:50 UT) occurs
during significant increases of all the components of the plasma pressure (except
for electrons), including a burst of pressure observed in CHEMS. Similar to the
MAR07 event, the depression is seen with a large increase in electron density. The
depression continues into the magnetosphere, and it is during this interval that an
increase in flux can be seen in the energetic He++ and W+ (panel i and j) as well
as an increased electron pressure. The presence of both solar wind (He++) and
magnetospheric (W+) ions would (just like previous examples) suggest this to be
plasma that has been mixed and heated.
The second depression is observed (between the third and fourth dashed lines)
during a burst of energetic He++ at the 1 keV energy level, as well as increased
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Figure 8.8: All the observations pressure observations, including the magnetic pressure
analysis (top three panels) for the FEB07 event. This figure is in the same format as
Figure 8.5.
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electron and energetic ion pressures. A burst of W+ is observed upon exiting the
cusp at the end of the depression, including high electron pressures. The magnetic
pressure deficit in the first cusp is ∼ 0.015 nPa whilst the pressures increase by
∼0.05 and 0.005 nPa (CHEMS and IMS). In the second cusp the pressure changes
are more similar at ∼0.03 nPa. In the first cusp encounter, there is a discrepancy
between the observed plasma and magnetic pressure changes, with the plasma pres-
sure significantly larger. Upon exiting the second cusp, the magnetic depression
does not end, but continues to decrease in magnitude gradually during a coincident
decrease in CHEMS pressure. During this period, even though the plasma pressure
is decreasing, it remains larger than the magnitude of the magnetic pressure deficit.
8.2.3 Summary of other observations
The rest of the observations have been summarised in one plot shown in Figure 8.9.
In this figure, the pressure axes are not scaled so an individual comparison of the
magnetic to plasma pressure can be made. The observations are grouped and plotted
on different timescales (see the caption for more details). Plasma pressure obser-
vations are presented on a logarithmic scale due to the vastly different values for
the different components of the plasma (with the corresponding magnetic pressure
observations in the panel above), however the CHEMS pressure, which is the most
dominant) is shown on the same scale as the magnetic pressure deficit, so that
it can be compared to both the magnetic pressure and the other plasma pressure
components. Particle pressures are shown from IMS (H+ and [m/q=2], i.e. H+2 or
He++) as well as the total pressure observed by CHEMS. These observations are
all presented separately in separate figures in Appendix C (in the same format as
Figures 8.5, 8.7 and 8.8).
For the MAY08 observation the magnetic depression is well correlated with
the electron pressure and density, however the plasma pressure increase of all the
components at -00:30 does not account for the total magnetic pressure change, which
is the largest observed at ∼0.1 nPa. Even though there are large peaks in all of
the low energy plasma pressure components, the plasma pressure change is much
lower than that in the magnetic pressure, in contrast to previous examples. There is
also a large increase in flux observed in the energetic He++ ions during this central
depression trough (see Figure C1.2).
H+ (IMS) pressure during the JAN09 event is the most anti-correlated to the
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Figure 8.9: Magnetic pressure decreases and observed plasma pressures, with the former
above the latter. The magnetic pressures are not on the same scale, and neither are the
observed plasma pressures. The most dominant plasma pressure component (from CHEMS)
is shown twice (to scale with the magnetic pressure, and to compare to plasma pressures).
The MAY08 and JAN09 observations are presented on different timescales from the 2013
observations.
mag etic depression, with a gradual increase with a peak in both pressures, similar
to the electron density. There do seem to be increases in the CHEMS pressure which
correlate to the two sharp drops in magnetic field at 00:00 and +02:00 in Figure 8.9c),
where the pressure of the magnetic depression is higher than the CHEMS pressure.
The final decrease in the depression occurs (at ∼+02:00 in Figure 8.9) with modest
increases in both H+ and CHEMS pressure, which this time match (approximately)
the magnetic pressure changes (∼0.015 nPa).
The final observed magnetic depressions occurring in 2013 are all very well
correlated with increases in CHEMS pressures. For JUN13 the observed plasma
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pressure however is less than half the value of the magnetic pressure decrease (∼-
0.015nPa). There is also a small increase in energetic He++ flux (see Figure C.3).
For the JUL13 and AUG13 events the CHEMS pressures overcompensate for the
magnetic pressure decrease by ∼0.06 nPa and up to ∼0.006 nPa respectively. There
is also a very large increase in the energetic He++ flux (the highest fluxes observed
in the cusp) for the JUL13 event, as well as some increase in energetic water group
ion flux (see Figure C.4). This indicates that this plasma is composed of mixed solar
wind and magnetosphere particles. The AUG13 depression is mainly centred on the
high water group fluxes in the magnetosphere, with the depression decreasing in the
cusp (similar to the southern observations).
8.2.4 Discussion of the observations
From comparing the magnetic field and plasma measurements it has been shown that
the particle and magnetic pressure changes do not compensate each other for most
of the events. The method presented here calculates the magnetic pressure, with the
polynomial used as a ‘baseline’ for the subtraction from the model. From the figures
showing the method (Figures 8.1, 8.5, 8.7, and 8.8), the model field magnitude is
stronger than that measured by MAG. The model field can vary for different solar
wind dynamic pressures and therefore magnetopause standoff distances, and without
upstream monitors this value can only be estimated. The polynomial addition
removes any possibility of a larger background field that is caused by an unobservable
global depression. This results in the calculated magnetic pressure deficit being a
conservative lower estimate.
However, even with slightly more liberal calculations, the results would still not
account for some of the large discrepancies with the plasma pressure observations.
For most of the depressions the CHEMS (usually the most dominant plasma pres-
sure) pressures are two or three times larger than the magnetic pressure deficit, and
for two examples they are lower. Also for some observations the CHEMS pressure
peaks do not match the troughs of the magnetic deficits, the most obvious being
during the JAN07-b depression. All the depressions in the cusp are observed dur-
ing an increase (and a complete anti-correlation) in the low energy electron density
(where ELS is available), which is usually matched by a corresponding ELS pressure
peak (but not necessarily a complete anti-correlation between magnetic and plasma
pressure changes). This aspect is similar to the observations at the terrestrial cusp
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requirement of getting a valid current density calculation is
similar to that in the MDD and STD calculation.
[16] The calculation results are shown in Figure 5 for the
boundaries of Cusp 1. From Figure 5b we can see that these
two boundaries have one-dimensional features, because one
eigenvalue is more than 30 times larger than the other two
[Shi et al., 2005]. So we can only estimate the velocity
along one direction along which the field has maximum
variations. Then the velocity along
*
n1 can be shown in
the GSM coordinate system (see Figure 5c). The valid
results are in the shaded area where all four spacecraft are
in the same structure. During the traversing for each of the
two times in Figure 5, we find the velocity changes little in
the shaded areas. The mean speed of the first crossing is
j*V j = 21.0 km/s, directing to *N = < *n1 > /j*n1j =
(!0.417, !0.276, !0.866) in GSM, while that of the
second one is j*V j = 15.9 km/s, directing to *N = < *n1 > /j*n1j =
(!0.047, !0.209, 0.977) in GSM. The velocities of all the
boundary crossings are listed in Table 1. The results are
consistent with those obtained from the Timing method
(results not shown; method can be seen in the work of
Russell et al. [1983] and Schwartz [1998]). The scale of the
layers can be estimated by the mean velocity and the
traversing time, as listed in Table 1.
Figure 3. (a) Ion energy time spectrogram measured by C1 (RUMBA), (b) pitch angle spectrum for
ions, (c) ion density, (d) ion temperature, (e) ion velocity in GSM, (f) magnetic field in GSM, and (g, h)
electron pitch angle distribution (PAD) spectrum for 6121 and 110 eV, respectively. The black vertical
lines are marked in the current sheet, while the gray vertical lines are in the boundary between Region 2
and the HLTR. The ion data are from the HIA component of the CIS instrument [Reme et al., 2001].
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results are in the shaded area where all four spacecraft are
in the same structure. During the traversing for each of the
two times in Figure 5, we find the velocity changes little in
the shaded areas. The mean speed of the first crossing is
j*V j = 21.0 km/s, directing to *N = < *n1 > /j*n1j =
(!0.417, !0.276, !0.866) in GSM, while that of the
second one is j*V j = 15.9 km/s, directing to *N = < *n1 > /j*n1j =
(!0.047, !0.209, 0.977) in GSM. The velocities of all the
boundary crossings are listed in Table 1. The results are
consistent with those obtained from the Timing method
(results not shown; method can be seen in the work of
Russell et al. [1983] and Schwartz [1998]). The scale of the
layers can be estimated by the mean velocity and the
traversing time, as listed in Table 1.
Figure 3. (a) Ion energy time spectrogram measured by C1 (RUMBA), (b) pitch angle spectrum for
ions, (c) ion density, (d) ion temperature, (e) ion velocity in GSM, (f) magnetic field in GSM, and (g, h)
electron pitch angle distribution (PAD) spectrum for 6121 and 110 eV, respectively. The black vertical
lines are marked in the current sheet, while the gray vertical lines are in the boundary between Region 2
and the HLTR. The ion data are from the HIA component of the CIS instrument [Reme et al., 2001].
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Figure 8.10: Earth observations of the cusp and magnetic field depressions. Panel a) is
adapted from New ll and Meng (1988), and shows a DMSP-F7 cusp observation (two white
arrows point to it) and the cleft region (later in time) with more energetic plasma. Panel b)
shows Cluster (C2) electron data, where the spacecraft passes through the cusp and then
(what is identified by Bogdanova et al. 2008) the boundary layer ‘BL’, similar to the Saturn
observations, and the magnetosphere. The magnetic data also shows a possible depression
in the magnetosphere. Panel (c) is adapted from Shi et al. (2009b), electron and magnetic
data show the cusp and associ ed magnetic field depressions. Depressions are also observed
in the adjacent magnetosphere.
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(Niehof et al. 2008). However Niehof et al. (2008) found that the ‘cusp diamagnetic
cavities’ (CDCs) also occurred during increases in the energetic He++ counts.
This finding introduces two different characteristic observations at Saturn,
where although the energetic He++ is observed in the depression, it is not always ob-
served during the large low-energy electron density increases in the cusp, but instead
in the adjacent magnetosphere. This was illustrated in Figures 8.5 and 8.6, where
a higher-energy plasma population is observed in the magnetosphere, where the
depression continues. This higher-energy electron population with slightly higher
densities nearer the cusp is similar to terrestrial observations which were called the
‘cleft’ in the 1980s, and once thought to be part of the cusp. An example of the
terrestrial data (electrons with ions underneath) can be seen in Figure 8.10a (Newell
and Meng 1988). The cusp region can be seen in the middle of the plot shown by
the two white lines, followed by a boundary layer and then the cleft (the high energy
electrons and ions).
A similar observation can be seen from the Cluster data (C2 spacecraft) in Fig-
ure 8.10b. This event was discussed (and the electron data presented) by Bogdanova
et al. (2008). The authors locate the boundary layer in many cusp crossings (which
they identify to be a high-latitude extension of the low-latitude boundary layer),
before entering the magnetosphere. The authors do not present the corresponding
magnetometer data (shown here), which shows a possible depression in the adjacent
magnetosphere. For terrestrial magnetic cavity studies this would not be classed as
a depression as it does not have a magnitude decrease of at least 20% (e.g. Niehof
et al. 2008, 2010). This is very similar to the MAR07 observations, except that
in the MAR07 interval the depression occurs in both the cusp and the adjacent
magnetosphere.
Other similar observations made by Cluster (C1) are presented in Figure 8.10c.
Ion and magnetic data show multiple cusp observations with their corresponding
magnetic depressions. However, in the adjacent region, where high energy plasma
is observed, a smaller depression is also observed (examples marked by the labelled
arrow in Figure 8.10c). These high energy regions are labelled the ‘high-latitude-
trapping region’ by the authors (Shi et al. 2009b), and correspond to the last closed
field lines of the magnetosphere.
The Saturn examples are slightly different, with the depressions not usually
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Figure 8.11: (a) An illustration of the magnetic field observations.The red line shows the
magnetic field which is free of plasma, and no diamagnetic effect is observed.
centred on the cusp as defined from the plasma observations. In the cusp the de-
pression is usually anti-correlated with the low-energy plasma density and pressure.
The particles producing a diamagnetic effect in the dense magnetosheath plasma
depress the field in the cusp. As the spacecraft crosses out of the cusp the larger
plasma pressure continues to depress the magnetic field in the adjacent magneto-
spheric layer. This plasma pressure then decreases and the magnetic depression is
no longer observed. But instead of causing two depressions like the previous Earth
example, the depression is largely continuous. This is schematically illustrated in
Figure 8.11.
Within this high pressure plasma region in the magnetosphere, there are ob-
servations of increases in the flux of doubly ionised helium and water group ions,
usually more so than in the cusp (except for the FEB07-b event). The composition
of this plasma, as well as increases in the CHEMS pressure (and high energy pro-
ton counts observed in LEMMS), would suggest a mixed plasma of solar wind and
magnetospheric origin.
If the assumption is taken that the alpha particles are observed due to an
injection from the magnetosheath at the same time as (or shortly before) the recon-
nection event (that is attributed to the cusp plasma being present), then we assume
that the presence of He++ suggests that the alpha particles also lie on open field
lines. Therefore, by taking an equatorward trajectory for the spacecraft (for the
southern cusp observations), Cassini will have passed through the polar cap and
then into the cusp filled with low-energy plasma, followed by further open field lines
with the higher energy particles. This means that what we have assumed earlier is
208 Chapter 8. Diamagnetic Depressions in the Cusp
the magnetosphere (and labelled as such in the plots) is actually an equatorward
region of the cusp. This would therefore fit a simple velocity filter paradigm, where
(for an equatorward trajectory) the low energy plasma is observed, followed by the
energetic alpha particles (in CHEMS). This will make the depression lie solely in
the cusp (now that we have redefined this layer temporarily for this explanation).
Although this interpretation appears sensible there are problems.
Firstly, the ion energy latitude dispersion observed in the IMS data would be
expected to continue into this region, as well as an observation of a gradual electron
dispersion linking the two regions. The electron observations from ELS during
JAN07-a (Figure B.1) is the only event that displays a possible gradual change
that appears to be an electron energy-latitude dispersion. The other observations
show the two regions to be more distinct from each other. Of course if the field
line convection speed is much greater than the spacecraft speed then a ‘step-up’ in
energy would be seen in the electrons, as seen in Figure 2.6. In all the southern
hemisphere the spacecraft is travelling equatorward, so in the opposite direction of
the field line (VS VC). If this plasma is injected at the same time, there should
not be a time separation (such as the one observed) between the observation of low-
energy electrons and high-energy alpha particles. A 50 eV electron characteristic of
the magnetosheath would have an approximate field aligned velocity of ∼4000 km/s
whilst a 10 keV/q He++ ion velocity would be ∼1000 km/s. This would mean that
the electrons should be observed closer to the open-closed field line boundary, but
instead the opposite is true.
However, if the field line was open, then the magnetospheric plasma would
most likely have left the field line into the magnetosheath. A 1 keV equatorial
magnetospheric electron at L∼25 (for the MAR07 example) would remain on a
field line for ∼3 minutes (assuming a near field-aligned equatorial pitch angle).
During this event the spacecraft has an equatorward velocity of ∼1.8 km s−1. The
observation of the depression in the magnetosphere lasts approximately for two
hours (with He++ present). Since the magnetospheric plasma will only remain on
an open field line for a few minutes, this field line cannot be newly opened as the
spacecraft remains in this region for a significantly larger timescale.
Furthermore, there is a boundary layer observed between the two regions that
has been interpreted to be the high-latitude extension of the low-latitude boundary
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Figure 8.12: Anti-field aligned electron observation by ELS in the depressed magnetic
field adjacent to the FEB07-a cusp. The top panels shows ELS Anode 7 observations, and
below is the corresponding pitch angle look direction of the instrument.
layer. An example of this can be seen in Figure 8.6 labelled ‘BL’. This layer separates
the two regions, and would not be expected to occur if this was one cusp observation
(divided into two different energy layers).
Secondly, the observation of a significant increase in the water group ions upon
entering the high-pressure plasma region where the depression continues provides
evidence that these are closed field lines with magnetospheric plasma present. ‘Sig-
nificant’ here being defined by the fact that there are no W+ ions observed above
the detectability threshold of the instrument in the cusp, and they are in the high-
pressure plasma region, with very high counts. This provides evidence that the
labelling of this region ‘magnetosphere’ remains correct.
A possible explanation would be that this region is part of the auroral field
aligned currents formed due to the velocity shear between open and closed field
lines, which has heated the plasma. During these events full pitch angle coverage
is not available. However, the pitch angle distributions of the electrons observed in
ELS during this layer show that there are large increases in flux at the 180◦ pitch
angle (upward from planet in the southern hemisphere) during all the observations
in the transition layer (the only exception being the FEB07-b event where ELS is
fixed). An example can be seen in Figure 8.12 (the other examples can be found
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in the appendix). The top panel shows the observations from Anode 7 of ELS,
and the bottom panel shows the pitch angle look direction. Upward (from the
planet) electrons would not be associated with the aurora, as downward electrons
are required to produce the emission.
8.3 Seasonal and Solar Wind Effect
At Earth it has been shown that magnetic field depressions are larger in the summer
cusp (e.g. Zhou et al. 2001). The magnetic field depressions in the cusp (reported in
this thesis) mainly occur in the summer hemisphere, with only two of the five cusp
observations displaying depressions in the magnetic field in the winter hemisphere.
This effect is due to the summer cusp being tilted towards the incoming solar
wind (shown in Figure 8.13), where the magnetosheath flow is slower and the density
is higher. This results in a plasma with a higher density entering the summer cusp
and subsequently depressing the magnetic field more than for the case of the winter
cusp. Therefore, if the magnetosheath flow is slower, and density is larger nearer
the subsolar point, it would be expected that cusp magnetic field depressions should
be stronger at lower latitudes relative to the planet-Sun line (Zhou et al. 2001). In
order to test this at Saturn, the magnetic field depressions have been arranged in
order of increasing latitude from the planet-Sun line in Table 8.1, to see if there
is a correlation. From the results, the depth of the depressions are not observed
to decrease with increasing latitude, so this argument is apparently not valid for
Saturn.
Figure 8.14 shows the magnetic depression relationship with the dynamic pres-
sure and velocity of the solar wind. The Pearson correlation coefficient (r) which
gives a measure of how well parameters are correlated has also been calculated. The
Pearson coefficient is equal to 1 for a perfect positive correlation, -1 for a perfect
anti-correlation, and 0 when no correlation is present. A strong positive correlation
was found for the solar wind dynamic pressure, and a moderate positive correlation
for the velocity.
These plots indicate that the depression is generally greater for larger solar
wind ram pressures and velocities. A compressed magnetosphere and high solar
wind velocities have been found to produce larger reconnection voltages at the mag-
netopause (Jackman et al. 2004). This has also been reported (Zhou et al. 2001) at
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Table 8.1: The locations and depths of magnetic field depression (∆B) arranged by latitude
(relative to the ecliptic plane) magnitude.
Latitude |∆B| Distance Cusp
(◦) (nT) (RS)
19 2.3 18 AUG13
19 2.2 14.3 JUN13
-28 2.6 13.8 MAR07
-29 12.3 12.6 JAN07-a
32 8.8 15.4 JUL13
-33 8.7 16 FEB07-b
-39 1.8 12.5 JAN07-b
-40 3.2 15.7 FEB07-a
45 2.9 16.5 JAN09
63 3.8 11.6 MAY08
65 – 11.1 AUG08
66 – 10.6 SEP08
66 – 12.2 NOV08
clw = ()0.03 ± 0.01) IMF Bz (in nT) + (0.6 ± 0.05)! for southward
IMF and,
clw = (0.04 ± 0.02) IMF Bz + (0.4 ± 0.1)! for northward IMF
Their correlation coefficients are )0.91 and 0.84 for southward and
northward IMF, respectively. Again, only bins containing five or more data
points are included in the mdedian calculations. Figure 9a shows a similar
trend as Figure 5 of Zhou et al. (2000), especially if their extremely small
(IMF Bz<)8 nT) and large IMF Bz (IMF Bz> 5 nT) bins, which contain
much fewer points, are excluded from their figure. In any case, the scatter is
very large in both studies. In this study, the large scatter may be partly due to
the misclassification of cusps having low energy flux as open-field line LLBL
as well as other factors such as dipole tilt etc. Also, the usage of the hourly
averaged IMF may contribute to the noise.
7. Seasonal effects on cusp
From simple geometrical considerations, it can easily be seen that the cusp
field lines emanating from the summer hemisphere, tilted toward the solar
wind flow, would have access to the magnetosheath plasma at a lower lati-
tude than those from the winter cusp. This is shown in Figure 10. The
magnetosheath plasma has lower density and higher tailward velocity with
increasing latitude, as it moves around the magnetopause obstacle. The
higher tailward velocity results in fewer particle entries. Both of these
Figure 10. Summer (southern) hemisphere cusp field lines access the magnetosheath region at
lower latitude, where plasma has higher density and lower velocity, compared to the mag-
netosheath region where the winter (northern) hemisphere cusp field lines connect. The length
of the arrows indicates the relative velocities of the magnetosheath plasma. Also, the location
of the summer hemisphere cusp is at higher latitude than that of the winter hemisphere cusp.
Adapted from Newell and Meng (1989) and Voight (1974).
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Figure 8.13: A depiction of the tilted terrestrial magnetosphere with the summer and
northern hemispheres labelled. This shows that the cusp in the summer hemisphere is at
lower latitudes relative to the ecliptic, where the magnetosheath flow is slower and denser
in comparison to the winter hemisphere. This produces larger depressions at Earth in the
summ r hemisphere (Wing et al. 2005).
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Figure 8.14: The correlations between solar wind parameters (PRAM and velocity) and
the depth of the magnetic field depression (∆B). The Pearson correlation coefficient (r) is
shown for both sets of data, with PRAM and V having strong and moderate (respectively)
positive correlations with ∆B.
the terrestrial magnetosphere (where diamagnetic depression depth increased with
solar wind dynamic pressure).
No correlations could be found with the Alfvenic Mach number (MA) of the
solar wind and the depressions with so few data points. As mentioned previously
one would expect larger depressions in the cusp with higher upstream MA values,
as this would be associated with a stronger shock, a more dense magnetosheath and
therefore larger pressures in the cusp to depress the field.
The relevance of the He++ ions to the magnetic depression is analysed and
presented in Figure 8.15. The minimum of the magnetic field during the depression
(Bmin), the event-averaged magnetic field strength (<B>) and the difference in
strength of the magnetic field between maximum and minimum are shown. This
shows that with the present data, no strong correlation can be found between the
number of helium counts and the depth of the depression, nor the minimum magnetic
field nor the magnetic field strength in general. High He++ counts are observed for
both low and high magnetic field depths. In comparison, at Earth (e.g. Chen et al.
1998) found strong correlations between the depth of the magnetic field depression
and the alpha particle counts.
8.4 Discussion
The magnetic depressions at Saturn have been presented and characterised in this
chapter. A model of an axisymmetric internal magnetic field with a ring current
field has been subtracted from the data. From this magnetic field subtraction,
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Figure 8.15: He++ counts are presented in relation to different variables of the observed
magnetic field depression, a) the minimum magnetic field (Bmin) found in the depression, b)
the event averaged magnetic field strength in the depressions and c) the difference between
the magnetic field strength at the maximum observed (usually at the start of the depression)
and the minimum observed.
the magnetic pressure decrease in the depression was calculated and compared to
observed plasma pressures, densities and fluxes of the various plasma components.
The calculated magnetic pressure deficit was explained to be a lower limit because
of the method used.
It has been shown that the magnetic depressions (mostly in the southern hemi-
sphere) are not always centred on the cusp, but on the boundary with magneto-
spheric particles. The density of the plasma, which is of magnetosheath origin, is
anti-correlated to the magnetic field depression in the cusp. The high plasma pres-
sure in the magnetosphere adjacent to the cusp acts to continue the depression of
the magnetic field (into the magnetosphere). The presence of mixed plasma of solar
wind and magnetospheric origin during the latter half of the depressions introduces a
problem of exactly defining this layer. The layer could either be reconnected (open)
field lines, with energised solar alpha particles, or the auroral current region which is
observed to occur on the open-closed field line boundary. Due to the duration of the
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observation of this layer, this region is most likely to be on closed magnetospheric
field lines, leaving the observation of solar wind particles an open question.
The plasma pressures in the cusp were sometimes found to overcompensate for
the magnetic pressure decrease found in the depression. The combination of low
depression depths found in the cusp at low magnetic field strengths (10-20 nT),
and the absence of depressions in higher magnetic field strengths (30-40 nT) (unless
there are very high electron densities), reveals the magnetic field to be much more
difficult to depress at Saturn in comparison to observations at Earth and Mercury,
and that depressions only occur at larger radial distance (>10 RS).
Highly energetic He++ ions were observed during some portion of the magnetic
depression in seven out of ten of the events. No significant correlation with the
data available was found between the number of alpha particles observed and the
depression of the magnetic field. This shows that although the helium ions are
present, they are not necessarily the component of the plasma driving the depression
in the observation at Saturn in comparison to Earth.
The depressions are expected to be stronger in the summer hemisphere due
to increased magnetosheath densities and lower velocities whilst entering the cusp
at lower latitudes to the ecliptic (from Earth observations). A comparison of the
latitudes of the depressions revealed no trend and therefore this expectation is incon-
clusive. Although most of the observations of the magnetic depressions at Saturn
occur in the summer hemisphere, with only 10 data points it is not possible to
confirm this hypothesis with the limited observations from the Cassini spacecraft.
The only conclusion that could be drawn from this analysis is that the cusps with
no magnetic depression present occurred at the highest latitudes and lowest radial
distances.
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Chapter 9
Final Remarks
The role of reconnection and its effects on the dynamics of Saturn’s magnetosphere
is a highly discussed subject. The existence and relative importance of a Dungey
Cycle driving Saturn’s magnetosphere has been debated, with both extremes sug-
gested (no or very little reconnection with magnetosheath plasma entry due to the
magnetic field minimum at high latitudes; or a strong Dungey Cycle superimposed
onto the Vasyliunas Cycle). The work of Masters et al. (2012) has shown that the
conditions (during Cassini magnetopause crossings) for reconnection at Saturn are
mostly suppressed to occur only at anti-parallel magnetic shears.
This thesis has continued this discussion with the presentation and analysis of
the magnetospheric cusp at Saturn; a region in the magnetosphere where shocked
solar wind plasma has direct entry due to previously closed field lies having under-
gone reconnection with the interplanetary magnetic field. In Chapter 1 the basic
concepts of plasma physics were introduced as well as magnetospheric structure and
dynamics. Chapter 2 presented the history of cusp observations at Earth and its
characteristic observational signatures. Chapters 3 and 4 introduced Saturn’s mag-
netosphere (and previous work on reconnection at Saturn) and the Cassini space-
craft with its instrumentation. Chapter 5 explained the method of calculating the
distances to the site of reconnection from observations.
The first analysis of cusp observations at Saturn was presented in Chapter 6.
The identification of the cusp was completed using low-energy plasma observations
from the CAPS instrument. Other instrumentation was then used to complement
this data set. The data and analysis of the two cusp crossings were presented to
confirm this was the cusp at Saturn. The presence of energy-latitude dispersions
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as well as energy-pitch angle dispersions in the ion data were similar to terrestrial
cusp observations. The plasma data provided evidence that the cusp plasma was
injected at different sites at the magnetopause, with some of the locations similar to
those produced by modelling in the literature. Magnetic reconnection was shown to
occur in a ‘bursty’ or a ‘pulsed’ manner. Signatures of field-aligned currents in the
Bφ component of the magnetic field were investigated, and the associated particle
signatures were observed mostly in the magnetosphere and equatorward region of
the cusp.
Other cusp events were analysed and presented in Chapter 7. These were mostly
identified from low-energy plasma observations (as in the previous chapter) however
three cusp intervals were identified with magnetic field data and high-energy plasma
observations (as the low-energy plasma data were not available). From this total of
11 cusp intervals, three cusp events were observed in the southern magnetosphere
whilst eight were observed in the north.
The cusps were found at a range of latitudes from 37.5◦ to 72.7◦ in the north
and -40.8◦ to -50.6◦ in the south, as well as a range of local times (09:39 - 14:55)
and radial distances from the planet (8.2 - 18.5 RS). The composition in the cusp is
found to have a He++ to H+ abundance ratio of 1.5% - 4.8% which is similar to solar
wind observations of between ∼3% and 5% (Ogilvie et al. 1989). The solar wind
conditions were found to vary between the different observations. The solar wind
dynamic pressure as well as the Alfve´nic Mach number varied between the available
cusp observations, showing that reconnection can occur for a range of solar wind
conditions at Saturn.
Two of the cusps were observed twice with a separation of 7 to 10 hours,
bringing the number of individual cusp crossings to thirteen. Field-aligned currents
were observed on the open-closed field line boundary for three events. Evidence
of both lobe and subsolar reconnection occurring at the same time was observed
during a single cusp observation. Whether this is a temporal or spatial effect is
unconfirmed due to the lack of multiple spacecraft present. The distance to the
reconnection site was calculated (from the available ion data), using energy-pitch
angle dispersions. Using these distances the location along the magnetopause of the
reconnection site was estimated. The resulting locations were largely found to occur
near or north of the subsolar point, in agreement with the findings of Desroche et al.
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(2013). However the reconnection site for two cusp events was found to also occur
south of the subsolar point, showing that reconnection can occur in these regions as
well.
Ten of the thirteen cusp observations also contained depressions of the local
magnetic field strength; this result was presented in Chapter 8. The magnetic field
pressure decrease was calculated via a technique involving magnetic field model sub-
traction. These calculations were then compared to the observed plasma pressures
during the depressions. The overcompensation of the plasma pressure in comparison
to the magnetic pressure decrease, as well as the low magnetic field depths show that
the field at Saturn is more ‘difficult to depress’ than at Earth. The depressions were
also not always centred on the cusp. Instead the presence of a high-plasma-pressure
layer adjacent to the cusp has been found to also depress the magnetic field into the
magnetosphere. The most likely explanation is that this is a closed magnetic field
region with magnetospheric plasma, however the reason for the observation of solar
wind energetic He++ ions in this region remains undetermined.
9.1 Open Questions and Further Work
The observations in this thesis were all selected due to similarities with the Earth’s
cusp. However the role of reconnection is different at Saturn, and so the data need
to be surveyed for other possible observations of reconnection in the high latitudes
that are different to what is expected at Earth. There are cusp-like intervals that are
irregular or unusual (located in the high latitudes). Are these plasma observations
indicative of the cusp? Why do they differ from the events presented in this thesis?
These events need to be further investigated and characterised. How much of an
effect does azimuthal motion of open magnetospheric field lines have on the cusp
plasma observations? This aspect should be further investigated via theoretical
modelling.
A search for flux transfer events (a product of magnetic reconnection) at Saturn
has been conducted with the Cassini data (Lai et al. 2012). However, this work was
limited to the equatorial region. Are there FTE observations in the high-latitude
magnetosphere at Saturn? Are there other FTE-like signatures that should be
investigated? A survey should be completed at higher latitudes for FTEs or FTE-
like signatures, to explore whether they occur at other locations.
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The final proximal orbits that have been planned for the end of the Cassini
mission in 2016 and 2017 should be investigated for observations of the low altitude
cusp. The trajectory of the spacecraft will have a perikrone on the dayside at
approximately noon local time. These data will allow for the characterisation of
the cusp at low altitudes, thus complementing the work in this thesis at ‘medium’
to high altitudes. The CAPS instrument would be extremely useful in this analysis
if it were to be switched back on. However, if it is not, then the analysis will
have to be done with other particle instruments (such as the LEMMS and CHEMS
instruments) similar to what has been achieved with the 2013 observations presented
in this thesis.
The Cassini-Huygens Mission has been one of the most ambitious and successful
adventures into the outer Solar System, and this thesis ends with a breathtaking
image (below) of Saturn’s illuminated rings.
Figure 9.1: An exaggerated colour image taken whilst Cassini was in Saturn’s shadow,
and therefore the rings have been illuminated by the Sun. The E-ring can be seen as the
most outermost ring visible (Credit: Cassini Imaging Team/SSI/JPL/ESA/NASA/APOD)
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Appendix A
Evidence of Bursty Reconnection -
Additional figures and tables
In this appendix, additional figures for the field-aligned current analysis and tables
for the energy-pitch angle analysis are presented.
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(a) Field aligned electrons from Anodes 2 and 3 (ELS).
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(b) Anti-field aligned electrons from Anodes 7 and 6 (ELS).
Figure A.1: FAC analysis for the JAN09 cusp interval. In both subfigures from top to
bottom: (a) FACs: 3D, 3U, respectively; (b) RPWS electric field spectrogram, (c) ELS
single anode observations, (d) pitch angle (PA) coverage of corresponding anode above,
(e) ELS single anode observations, and (f) pitch angle (PA) coverage of the corresponding
anode above. The units of the data in the panels are: (a) MA rad−1, (c,e) Log DEF (eV
m−2 s−1 sr−1 eV−1). Part a (top) focuses on the field-aligned 0◦ PA electrons and therefore
the downward region of the currents (i.e electrons upward from the planet), whilst the part
b (bottom) focuses on anti-field aligned pitch angles (downward electrons, upward current).
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(b) Anti-field aligned electrons from Anodes 7 and 6 (ELS).
Figure A.2: FAC analysis for the JAN09 cusp interval. Panels: (a) FACs: 4D, 4U. The
figures are in the same format as Figure A.1.
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(b) Anti-field aligned electrons from Anodes 7 and 6 (ELS).
Figure A.3: FAC analysis for the JAN09 cusp interval. Panels: (a) FACs: 5D, 5U. The
figures are in the same format as Figure A.1.
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Table A.1: The field-aligned distances from Cassini to the site of reconnection calculated
from ion pitch angle-energy dispersions for JAN09. These are calculated for individual pitch-
angle dispersions. The averages and standard deviation for each energy-latitude dispersion
can be found in Table 6.2.
Dispersion Time Distance Dispersion Time Distance
# (UT) (RS) # (UT) (RS)
11:02:24 18.2 ± 7.9 12:03 30.5 ± 8.6
11:09 24.5± 8.9 12:17 42.6 ± 18.7
11:15 49.1± 12.9 2 12:30 44.8 ± 26.3
1 11:22 26.0± 4.8 12:37 42.8 ± 18.0
11:29 39.1± 22.7 12:44 30.5 ± 8.5
11:36 15.0± 4.3
11:49 28.0 ± 6.8
12:57 49.7 ± 13.5 15:16 47.9 ± 29.5
13:10 41.9 ± 13.9 15:30 55.5 ± 14.8
13:24 47.8 ± 27.1 4 15:44 56.5 ± 46.5
13:31 54.8 ± 15.4 16:04 44.0 ± 26.8
13:37 56.1 ± 17.1 16:17 56.8 ± 39.1
3 13:41 55 ± 13.1 16:51 49.1 ± 29.8
13:55 51 ± 24 17:18 46.9 ± 24.3
14:02 40 ± 24.6 5 17:25 38.2 ± 21.7
14:09 50 ± 25.5 17:39 39.5 ± 23.2
14:35 57 ± 11.9 18:06 61.1 ± 39.5
14:56 40.8 ± 34.5
Table A.2: The field-aligned distances from Cassini to the site of reconnection calculated
from ion pitch angle-energy dispersions for AUG08. These are calculated for individual
pitch-angle dispersions. The averages and standard deviation for each energy-latitude dis-
persion can be found in Table 6.2.
Dispersion Time Distance
# (UT) (RS)
15:01 31.7 ± 15.1
1 15:07 35.8 ± 16.3
15:14 27.4 ± 11.4
15:21 32.9 ± 9.8
2 18:41 28.7 ± 12.8
18:50 24.0 ± 10.0
3&4 − −
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Appendix B
Survey of Cusp Observations -
Additional figures and tables
In this appendix, additional figures are presented, which are discussed in Chapter 7.
Observations from the cusp events are presented first, followed by extra solar wind
analysis and additional variables from mSWiM.
The cusp observations are presented in the following order: JAN07, MAR07,
SEP08, JUL13, and AUG13 (Figures B.1-B.5).
Displayed below (Figures B.6−B.8) are the velocity, number density, magnetic
field strength and the calculated ram pressure from the mSWim model for all the
cusp observations. This complements the data presented in Chapter 7.6.
Table B.1: The field-aligned distances from Cassini to the site of reconnection calculated
for MAR07 and MAY08. These are calculated for individual pitch-angle dispersions.
MAR07 MAY08
Dispersion Time Distance Dispersion Time Distance
# (UT) (RS) # (UT) (RS)
1
08:06 14 ± 4 03:32 12 ± 1
08:13 16± 4 2 03:59 18 ± 7
08:20 18± 1 04:27 19 ± 7
08:27 16± 1 NOV08
08:34 15± 1 Dispersion Time Distance
09:07 15± 1 06:58 26 ± 9
09:21 16 ± 1 1 06:51 16 ± 4
09:55 15.7 ± 0.4 06:58 26 ± 9
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Figure B.1: Observations from JAN07, with the cusp observed. The data are presented in
the following order (from the top going down): a) electrons from CAPS-ELS, b) ions from
CAPS-IMS, c) high-energy electrons from MIMI-LEMMS, d) the three components of the
magnetic field in KRTP coordinates from MAG and e) the magnitude of the magnetic field
also observed by MAG.
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Figure B.2: Cusp observations from MAR07 with the cusp observed at 08:03−10:50 UT.
The data are presented in the same format as Figure B.1.
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Figure B.3: Cusp observations from SEP08, with the cusp observed at 06:50−07:20 UT.
The data are presented in the same format as Figure B.1
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Figure B.4: Cusp observations from JUL13. The data are presented in the following order:
a) high-energy electrons from MIMI-LEMMS, b) the three components of the magnetic field
in KRTP coordinates from MAG and c) the magnitude of the magnetic field also observed
by MAG.
230 Chapter B. Survey of Cusp Observations - Additional figures and tables
Figure B.5: Cusp observations from AUG13. The data are presented in the same format
as Figure B.4.
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Table B.2: The field-aligned distances from Cassini to the site of reconnection calculated
for JAN07 and FEB07. These are calculated for individual pitch-angle dispersions and were
taken from Arridge et al.(in prep.).
JAN07
Dispersion Time Distance
# (UT) (RS)
10:24 70 ± 60
10:57 50 ± 30
1 11:04 50 ± 40
11:25 40 ± 20
11:32 80 ± 60
11:38 40 ± 20
2 17:24 16 ± 3
17:38 40 ± 10
17:44 24 ± 6
3 17:51 21 ± 5
17:58 30 ± 8
18:05 18 ± 5
FEB07
Dispersion Time Distance
# (UT) (RS)
18:02 60 ± 60
1 18:16 50 ± 30
18:23 30 ± 20
00:04 30 ± 20
2 01:08 33 ± 9
03:00 40 ± 40
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Figure B.6: The velocity (black), number density (red), ram pressure (green) and the
magnetic field strength (blue) of the IMF as propagated by mSWiM, presented for the
JAN07, FEB07, MAR07 and MAY08 observations.
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Figure B.7: mSWiM results for the AUG08, SEP08, NOV08, and JAN09 observations
presented in the same format as Figure B.6.
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Figure B.8: mSWiM results for the JUN13, JUL13, and AUG13 observations presented
in the same format as Figure B.6.
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Appendix C
Magnetic Depressions - Additional
figures
This section provides additional figures in the same format as Figure 8.8 (FEB07)
for the other magnetic depression observations. The magnetic pressure analysis is
shown as well as the plasma pressure components in separate panels and energy-time
spectrograms of He++ and W+ from CHEMS.
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Figure C.1: Magnetic and particle pressure presented for MAY08 in the same format as
found in Figure 8.8.
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Figure C.2: Magnetic and particle pressure presented for JAN09 in the same format found
in Figure 8.8.
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Figure C.3: Magnetic and particle pressure presented for JUN13: a) magnetic field magni-
tude from MAG (black) and the magnetic field model (red), b) residual magnetic field with
data (red) that is fit with a polynomial (blue), c) the magnetic pressure deficit due to the
depression, d) high energy ion pressure from CHEMS, e) and f) He++ and W+ (respectively)
energy time spectrograms from CHEMS.
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Figure C.4: Magnetic and particle pressure presented for JUL13 in the same format found
in Figure C.3.
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Figure C.5: Magnetic and particle pressure presented for AUG13 in the same format found
in Figure C.3.
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Figure C.6: Anti-field-aligned electron observation by ELS in the depressed magnetic field
adjacent to the JAN07-a cusp. The top panels shows ELS Anode 5 observations, and below
it is the corresponding pitch angle look direction of the instrument.
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Figure C.7: Anti-field-aligned electron observation by ELS in the depressed magnetic field
adjacent to the JAN07-b cusp, in the same format as Figure C.6.
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Figure C.8: Anti-field-aligned electron observation by ELS in the depressed magnetic field
adjacent to the MAR07 cusp, in the same format as Figure C.6.
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